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EMPIRICAL  YIELD  TABLES  FOR  MINNESOTA 


Jerold  T.  Hahn,  Principal  Mensurationist, 
and  Gerhard  K.  Raile,  Associate  Mensurationist 


Empirical  yield  tables  are  useful  to  forest  resource 
managers,  timber  managers,  wild-life  managers,  and 
multi-resource  managers  who  are  interested  in  esti- 
mates of  current  commercial  forest  species  composi- 
tion and  volume  or  in  rough,  short-term  projections  of 
future  conditions.  Examples  showing  each  of  these 
uses  are  presented  in  this  paper.  A  similar  set  of  tables 
is  presented  in  "Empirical  Yield  Tables  for  Wisconsin" 
(Essex  and  Hahn  1976)  and  can  be  used  by  persons 
interested  in  comparisons  between  States.  In  addition 
we  are  aware  of  unpublished  empirical  yield  tables  for 
Missouri  and  Iowa  based  on  the  most  recent  forest 
surveys  of  those  States. 

Presented  here  are  yield  tables  compiled  from  data 
gathered  on  8,807  commercial  forest  land  plots  estab- 
lished during  the  1977  inventory  of  Minnesota's  four 
Forest  Survey  Units  (fig.  1).  Tables  for  the  entire  State 
and  for  each  Survey  Unit  were  compiled  by  forest  type 
and  site  index  class.  Only  tables  having  sufficient  data, 
usually  3  or  4  plots  in  each  of  three  adjacent  age  classes, 
are  presented;  we  feel  that  less  than  this  amount  of 
information  would  not  be  useful. 

The  tables  give  the  estimated  merchantable  cubic 
foot  volume  yield  per  acre  from  growing-stock  trees 
and  the  average  basal  area  per  acre  of  all  live  trees  by 
stand  age  class  for  the  14  forest  types  defined  in  the 
Appendix.  These  tables  provide  a  detailed  picture  of 
stand  composition  as  measured  by  growing-stock 
volume. 

The  tables  were  constructed  by  classifying  the  com- 
mercial forest  land  plots  measured  in  the  1977  invento- 
ry by  forest  type,  stand  age,  and  site  index  class.  Then 
the  per-acre  merchantable  cubic  foot  volume  was  tabu- 
lated by  species  group.  The  merchantable  volume  stan- 
dards used  are  minimum  5-inch  d.b.h.  to  a  4-inch  top 
diameter.  Individual  tree  volumes  were  computed  us- 
ing a  formula  developed  from  "Composite  volume  ta- 
bles for  timber  and  their  application  in  the  Lake 


States"  (Gevorkiantz  and  Olsen  1955,  Raile  1981).  A 
full  explanation  of  the  survey  procedures  and  defini- 
tions can  be  obtained  from  "Forest  statistics  for  Min- 
nesota 1977"  (Jakes  1980). 

The  tables  can  be  used  in  several  ways: 

1.  They  can  be  used  to  estimate  future  timber  yield, 
in  the  manner  of  normal  yield  tables,  where  it  is  as- 
sumed that  the  volume  shown  in  one  age  class  will 
increase  in  10  years  to  the  volume  shown  in  the  next 
older  age  class.  For  example,  from  table  9  stands  aged 
51-60  years  average  2,025  cubic  feet  per  acre.  If  you 
have  a  stand  of  red  pine  41-50  years  old,  you  could 
expect  that  in  10  years  it  would  approximate  this 
volume. 

2.  These  tables,  in  conjunction  with  other  forest 
inventory  publications,  can  also  be  used  to  compare 
volume  estimates  for  progressive  rotation  ages.  For 
example,  the  aspen  type  occupied  5,302,000  acres  in 
Minnesota  in  1977  (Jakes  1980).  For  a  selected  rotation 
and  an  equal  number  of  acres  harvested  each  year  the 
annual  harvest  volume  estimates  can  be  derived  as 
follows  using  the  yields  shown  in  table  50: 


Annual 

Rotation 

Area 

Merchantable 

harvest 

age 

harvested' 

volume/acre2 

volume/year 

(years) 

(thousand  acres! 

(cubic  feet) 

(million 
cubic  feet) 

35 

151.5 

X 

930 

140.9 

45 

117.8 

X 

1,122 

132.2 

55 

96.4 

X 

1,201 

115.8 

In  addition  these  volumes  can  be  broken  down  by 
species  group.  (See  Appendix  for  a  detailed  species 


'5,302,000  acres/35  years  =   151,500  acres/year. 
2From  table  50. 
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Figure  1.  —  Forest  survey  units  in  Minnesota. 


breakdown  of  the  species  group.)  In  the  above  three 
rotations  for  example: 


Rotation 

Harvest 

age 

volume 

Softwood3 

Hardwood 

(years) 

-  -(million  cubic  feet)- 

35 

140.9 

15.9 

125.0 

45 

132.2 

15.1 

117.1 

55 

115.8 

14.7 

101.1 

3From  table  50.  105  cubic  feet/ac  X  51,500  acres 
15,900,000  cubic  feet. 


According  to  this  analysis,  both  the  greatest  total 
yield  and  the  greatest  softwood  yield  would  be  at- 
tained by  using  a  35-year  rotation  for  the  aspen  type, 
although  more  acres  would  have  to  be  harvested  each 
year  to  obtain  that  volume.  Currently,  more  than  half 
the  plots  in  the  aspen  type  are  in  stands  older  than  35 
years.  Therefore,  some  volume  from  older  plots  would 
have  to  be  harvested  to  reach  a  35-year  rotation. 

3.  Finally  the  basal  area  values  in  these  tables 
allow  a  comparison  between  stand  density  and  stand 
age  that  can  be  used  to  determine  whether  existing 
stands  are  fully  stocked.  For  example,  in  1977  there 
were  923  acres  of  aspen  51  to  60  years  old  in  the  61-  to 
70-site  index  class  in  Minnesota  (Jakes  1980).  Yields 
in  these  stands  (all  species)  averaged  1,214  cubic  feet 


per  acre,  and  basal  areas  (growing  stock  and  cull 
combined)  averaged  94  square  feet  (table  46).  Thus, 
the  ratio  of  volume  to  basal  area  was  12.9  to  1. 
Schlaegel  (1971)  predicted  that  such  a  ratio  for  fully 
stocked  stands  of  aspen  in  Minnesota  would  be  26  to  1. 
If  we  view  Schlaegel's  prediction  as  an  index  of  stand 
potential  we  can  generalize  that  similar  aspen  sites 
that  are  fully  stocked  could  be  expected  to  yield 
roughly  twice  as  much  as  these  stands  are  producing 
now.  The  comparison  can  only  be  approximate  as 
Schlaegel  used  different  standards  of  merchantability 
in  computing  his  volumes. 

The  volumes  shown  in  these  tables  were  obtained 
from  plots  that  ranged  from  stands  in  an  undisturbed 
state  to  stands  that  had  been  cut  repeatedly.  Thus 
standard  errors  of  mean  volume  are  given  in  the  tables 
to  indicate  this  variation.  Sampling  errors  in  percent 
can  be  determined  by  dividing  the  standard  error  by 
the  mean  volume;  for  example,  the  sampling  error  for 
jack  pine  in  the  41-  to  50-year  age  class  all  sites 
combined  (table  5)  is  +  5.7  percent  ((73/1,272)  X 
100). 
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APPENDIX 


FOREST  TYPE  DEFINITIONS 


A  classification  of  forest  land  based  upon  the  spe- 
cies forming  a  plurality  of  live-tree  stocking.  Major 
forest  types  in   Minnesota  are: 

Jack  pine.  —  Forests  in  which  jack  pine  comprises 
a  plurality  of  the  stocking.  (Common  associates  in- 
clude eastern  white  pine,  red  pine,  aspen,  birch,  and 
maple.) 

Red  pine.  —  Forests  in  which  red  pine  comprises  a 
plurality  of  the  stocking.  (Common  associates  include 
eastern  white  pine,  jack  pine,  aspen,  birch,  and 
maple.) 

White  pine.  —  Forests  in  which  eastern  white  pine 
comprises  a  plurality  of  the  stocking.  (Common  asso- 
ciates include  red  pine,  jack  pine,  aspen,  birch,  and 
maple.) 


Balsam  fir.  —  Forests  in  which  balsam  fir  com- 
prises a  plurality  of  stocking.  (Common  associates 
include  white  spruce,  aspen,  maple,  birch,  northern 
white-cedar,  and   tamarack.) 

White  spruce.  —  Forests  in  which  white  spruce 
comprises  a  plurality  of  the  stocking.  (Common  asso- 
ciates include  balsam  fir,  aspen,  maple,  birch,  north- 
ern white-cedar,  tamarack.) 

Black  spruce.  —  Forests  in  which  black  spruce 
comprises  a  plurality  of  the  stocking.  (Common  asso- 
ciates include  tamarack  and  northern  white-cedar.) 

Northern  white-cedar.  —  Forests  in  which 
northern  white-cedar  comprises  a  plurality  of  the 
stocking.  (Common  associates  include  tamarack  and 
black  spruce.) 

Tamarack.  —  Forests  in  which  tamarack  compris- 
es a  plurality  of  the  stocking.  (Common  associates 
include   black  spruce  and   northern  white-cedar.) 


Oak.  —  Forests  in  which  northern  red  oak,  white 
oak,  or  bur  oak,  singly  or  in  combination,  comprise  a 
plurality  of  the  stocking.  (Common  associates  include 
elm,   maple,  and  aspen.) 

Elm-ash-cottonwood.  —  Forests  in  which  low- 
land elm,  ash,  cottonwood  and  red  maple,  singly  or  in 
combination,  comprise  a  plurality  of  the  stocking. 
(Common  associates  include  basswood  and  balsam 
poplar.) 

Maple-basswood.  —  Forests  in  which  sugar  ma- 
ple, basswood,  yellow  birch,  upland  American  elm, 
and  red  maple,  singly  or  in  combination,  comprise  a 
plurality  of  the  stocking.  (Common  associates  include 
white  pine,  and  elm.) 

Aspen.  —  Forests  in  which  quaking  aspen  or 
bigtooth  aspen,  singly  or  in  combination,  comprise  a 
plurality  of  the  stocking.  (Common  associates  include 
balsam  poplar,   balsam  fir,  and   paper  birch.) 

Paper  birch.  —  Forests  in  which  paper  birch 
comprises  a  plurality  of  the  stocking.  (Common  asso- 
ciates include  maple,  aspen,  and   balsam  fir.) 

Balsam  poplar.  —  Forests  in  which  balsam  pop- 
lar comprises  a  plurality  of  the  stocking.  (Common 
associates  include  aspen,   elm,  and  ash.) 

PRINCIPAL  TREE  SPECIES 
GROUPS  IN  MINNESOTA4 

Softwoods: 


Eastern  white  pine 
Red  pine 
Jack  pine 
White  spruce 
Black  spruce 
Balsam  fir 


Pinus  strobus 
Pinus  resinosa 
Pinus  banksiana 
Picea  glauca 
Picea   mariana 
Abies  balsamea 


*The  common  and  scientific  names  are  based  on: 
Little,  Elbert  L.,  Jr.  1953.  Check  list  of  Native  and 
Naturalized  Trees  of  the  United  States  (including 
Alaska).  U.S.  Department  of  Agriculture,  Agricul- 
ture Handbook  41,  472  p. 


Tamarack 

Northern  white-cedar 
Other  softwoods: 
Eastern  redcedar 

Hardwoods: 

White  oaks: 

White  oak 

Bur  oak 
Select  red  oaks: 

Northern  red  oak 
Other  red  oak 

Yellow  birch 
Hard  maples: 

Blackmaple 

Sugar  maple 

Soft  maples: 

Red  maple 

Silver  maple 
Ashes: 

Black  ash 

Green  ash 
Balsam  poplar 
Paper  birch 
Bigtooth  aspen 
Quaking  aspen 
Basswood 
Elms: 

American  elm 

Slippery  elm 

Rock  elm 
Select  hardwoods: 

Butternut 

Black  walnut 

Black  cherry 
Other  hardwoods: 

Boxelder 

Eastern  cottonwood 
Populus  deltoides 

Black  willow 

River  birch 

Hackberry 


Larix   laricina 
Thuja  occidentalis 

Juniperus  virginiana 


Quercus  alba 
Quercus  macrocarpa 

Quercus  rubra 
Quercus  elipsoidalis 

Betula  alleghaniensis 

Acer  nigrum 
Acer  saccharum 


Acer  rubrum 
Acer  saccharinum 

Fraxinus  nigra 
Fraxinus  pennsylvanica 
Populus  balsamifera 
Betula  papyrifera 
Populus  grandidentata 
Populus  tremuloides 
Tilia  americana 

Ulmus  americana 
Ulmus  rubra 
Ulmus  thomassii 

Juglans  cinerea 
Juglans  nigra 
Prvnus  serotina 

Acer  negundo 


Salix   nigra 
Betula  nigra 
Celtis  occidentalis 
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WILDLAND  FIRE  MANAGEMENT  ECONOMICS:  A 
STATE  OF  THE  ART  REVIEW  AND  BIBLIOGRAPHY 


David  C.  Baumgartner,  Forest  Economist, 

and  Albert  J.  Simard,  Principal  Research  Forester, 

East  Lansing,  Michigan 


Past  wildfire  management  strategies  have  neglected 
the  fact  that  wildfire  may  have  beneficial  as  well  as 
undesirable  effects  and  that  fire  management  should 
be  viewed,  not  in  isolation,  but  within  the  context  of 
overall  land  management  objectives  (Barney  1975, 
Lotan  1979).  As  a  result,  management  strategies  were 
framed  with  the  objective  of  minimizing  the  time  re- 
quired to  control  fires,  the  number  of  fires,  the  size  of 
fires,  or  the  acreage  burned.  Scant  attention  was  paid 
to  the  economic  consequences  of  these  strategies. 

However,  more  and  more  fire  management  agencies 
are  now  being  asked  to  justify  the  usefulness  of  their 
programs  in  terms  of  economic  efficiency  and  to  fully 
recognize  the  potential  beneficial  effects  of  some  fires 
as  well  as  the  necessity  to  view  fire  management  as  an 
integral  part  of  land  management.  Attempts  have  been 
made  to  determine:  appropriate  fire  management 
budgets;  proper  allocation  of  expenditures  between 
various  fire  management  functions;  and  costs,  dam- 
ages, and  benefits  of  wildland  fire  and  fire  manage- 
ment programs. 

The  objective  of  this  review  and  interpretation  of  the 
literature  pertaining  to  fire  economics  is  to  provide 
essential  background  information  for  selecting,  devel- 
oping, and  applying  appropriate  techniques  for  evalu- 
ating fire  management  programs. 

METHODS 

The  bibliography  includes  references  concerned 
with  applying  economic  techniques  to  solve  wildland 
fire  management  problems.  It  was  compiled  from  an 
extensive  search  of  a  wide  variety  of  sources.  Some 
citations  were  obtained  locally,  either  from  the  USDA 
Forest  Service  North  Central  Forest  Experiment  Sta- 
tion Fire  Management  Project  files  or  the  Michigan 


State  University  library.  Others  were  obtained  from 
bibliographic  data  bases  such  as  FIREBASE  and  the 
DIALOG  service  of  Lockheed  Information  Services, 
which  includes  AGRICOLA  (Bibliography  of  Agricul- 
ture). Generous  support  was  obtained  from  USDA  For- 
est Service  and  university  researchers  with  past  or 
current  interest  in  wildland  fire  economics.  Additional 
citations  and  information  were  obtained  from  key  US- 
DA Forest  Service  Cooperative  Fire  Protection,  Re- 
search, and  National  Forest  System  staffs.  State  for- 
esters and  other  Federal  land  management  agencies 
were  contacted  by  letter  and  asked  to  contribute  rele- 
vant materials  and  we  received  a  reply  from  fire  man- 
agement agencies  from  26  States. 

Even  given  the  effort  described  above,  the  bibliogra- 
phy is  not  exhaustive.  However,  we  feel  it  represents 
the  directly  relevant  literature,  particularly  since  1960, 
and  accurately  describes  the  current  state  of  the  art  in 
wildfire  economics. 

Annotations  and  key  words  are  provided  for  a  major- 
ity of  the  references.  They  are,  however,  omitted  if  a 
copy  of  the  document  or  abstract  could  not  be  obtained 
or  if  the  title  seemed  to  adequately  describe  the  con- 
tent of  the  material.  Several  books  that  provide  good 
general  background  in  wildland  fire  management  or  in 
resource  economics  are  listed  separately  at  the  end  of 
the  bibliography. 

One  or  more  of  the  following  criteria  were  used  for 
including  references: 

(1)  The  reference  provided  an  example  of  how  ex- 
isting economic  theory  might  be  applied  to  fire 
management. 

(2)  The  reference  described  a  practical  example  of 
the  use  of  economics  in  wildland  fire  manage- 
ment using  real  data. 


(3)  The  reference  reflected  the  use  of  economics  in 
past  or  current  research  and/or  policy  direction 
of  the  USDA  Forest  Service  or  other  fire  man- 
agement agency. 

(4)  The  reference  contained  a  useful  bibliography  of 
related  material  and/or  synthesized  a  large  vol- 
ume of  loosely  connected  information. 

(5)  The  reference  was  current  or  its  message  had 
retained  importance  in  essentially  unchanged 
form. 


ECONOMIC  THEORY 


Gorte  and  Gorte  (1979)  explore  the  history  and 
evolution  of  economics  as  applied  to  fire  management, 
particularly  the  cost-plus-loss  concept.  They  trace  the 
development  of  this  concept  beginning  with  the  work 
of  Sparhawk  (1925)  and  Flint  (1928)  who  were  among 
the  first  to  develop  least-cost-plus-loss  models.  Next, 
they  reviewed  the  work  of  Hornby  (1936)  who  used 
acreage  burned  rather  than  presuppression  expendi- 
ture as  the  independent  variable.  They  then  discussed 
the  research  of  Headley  (1943)  who  provided  "the  first 
attempt  at  a  thorough  analysis  of  fire  control  policy 
alternative." 

The  work  of  Craig  et  al.  (1945)  who  recognized  the 
need  for  marginal  analysis  is  described  as  are  the  find- 
ings of  Arnold  (1949)  who  developed  a  model  to  derive 
suppression-cost-plus-damage  for  a  number  of  presup- 
pression levels  measured  by  attack  time,  and  Mactav- 
ish  (1965)  who  worked  with  an  expanded  version  of 
Arnold's  model.  Parks'  (1964)  model,  which  was  "anal- 
ogous to  the  first  step  of  Arnold's  model,"  is  noted  as  is 
the  work  of  Davis  (1971)  who  explicitly  recognized 
some  limitations  of  the  least-cost-plus-loss  models. 
Finally,  they  describe  the  work  of  Simard  (1976)  who 
augmented  the  cost-plus-loss  concept  by  equating  the 
ratios  of  marginal  factor  costs  to  marginal  value  prod- 
ucts among  the  various  fire  management  inputs.  He 
also  explicitly  recognized  the  possible  beneficial  effects 
of  fire  using  the  same  analytical  technique. 

Mills  (1979, 1980)  also  explicitly  recognizes  the  pos- 
sibility of  beneficial  wildfire  effects  noting  that  the 
"cost-plus-loss"  concept  would  be  more  properly  la- 
beled "cost-plus-net  value  change."  He  also  correctly 
points  out  that  minimizing  "cost-plus-net  value 
change"  leads  to  the  same  program  selection  as  maxi- 
mizing financial  return  expressed  as  present  net  worth. 
Similarly,  the  last  program  increment  added  before 
reaching  the  minimum  has  a  benefit-cost  ratio  of  1.0 
and  an  internal  rate  of  return  equal  to  the  next  best 


alternative  rate.  Gorte  and  Gorte  (1979)  describe  the 
work  of  several  researchers  (O'Connell  1971,  Zivnuska 
1972,  Jischke  and  Shamblin  1974)  who  have  used  vari- 
ations of  benefit-cost  analysis  in  analyzing  fire  man- 
agement economics.  Nautiyal  and  Doan  (1974)  used  an 
indifference  approach  with  which  a  manager  can  trade 
harvested  acres  for  burned  acres  and  offset  protection 
costs  with  timber  sale  receipts. 

All  in  all,  the  economic  theory  of  fire  management  is 
compatible  with  basic  applied  production,  or 
microeconomic  theory,  and  is  well  accepted.  Some 
models  needed  to  determine  the  economic  efficiency  of 
some  components  of  fire  management  programs  are 
available  and  others  are  being  developed.  The  "cost" 
component  needed  as  input  for  the  models  is  reasona- 
bly easy  to  obtain  with  good  bookkeeping.  The  basic 
difficulty  lies  in  determining  and  predicting  losses  and 
benefits,  or  the  net  value  changes  wildfires  have 
caused  or  are  likely  to  cause.  These  crucial  elements 
for  any  of  the  economic  models  cited  above  are 
virtually  impossible  to  determine  precisely.  Even  for 
timber,  the  questions  of  what  the  appropriate 
discount  rate  should  be  for  future  market  values  or 
what  the  future  value  will  be,  are  unresolved. 
Nonmarket  values  and  off-site  values  are  even  more 
difficult  to  determine  precisely. 


VALUE-AT-RISK  AND 

APPRAISAL  OF  NET  VALUE 

CHANGE 

It  has  been  recognized  that  past  fire  damage  apprais- 
al systems  have  not  been  adequate  to  serve  the  needs  of 
the  basic  theoretical  economic  fire  management  mod- 
els. Economic  studies  to  determine  an  "adequate  level" 
of  fire  protection  or  "justifiable  expenditures"  were 
undertaken  by  Davis  (1965),  Vogenberger  et  al.  (1957), 
Miller  (1968)  and  Arnold  (1949).  All  emphasized  the 
difficulty  inherent  in  measuring  the  value  changes 
caused  by  fires  and  prefire  values  that  could  be  affect- 
ed by  fire.  All  finally  resorted  to  limiting  their  analysis 
to  a  few  of  the  more  measurable  market  values  or  to 
including  subjective  approximations  for  some  values  to 
at  least  show  how  their  models  might  work.  Noste  and 
Davis  (1975)  demonstrated  the  inconsistencies  in  ap- 
praisal techniques  by  comparing  appraisals  by  the  US- 
DA  Forest  Service  and  the  Bureau  of  Land  Manage- 
ment following  two  large  fires. 

Wildfire  value  change  appraisal  has  been  receiving 
increasing  attention.  Crosby  (1977)  developed  a  gener- 
al guide  for  appraising  wildfire  damages,  benefits,  and 
resource  values  protected.  Marty  (1979)  developed  an 


Bconomic  valuation  system  for  fire  management  plan- 
ning on  the  National  Forests.  Gorte  (1979)  is  complet- 
ing a  new  system  that  permits  more  accurate  appraisal 
af  wildland  fire  damage  in  Wisconsin.  This  system 
recognizes  that  some  fire  effects  are  beneficial  and 
:arefully  considers  nontimber  values.  Lewis  et  al. 
(1979)  are  studying  the  "values-at-risk"  from  wildfire 
in  Alabama. 


APPLICATION 

Although  the  solution  of  prefire  value  and  postfire 
value  change  problems  is  incomplete,  several  recent 
studies  have  attempted  to  apply  the  best  information 
available  in  benefit-cost  or  cost-plus-loss  economic 
models.  Winkworthef  al.  (1979)  are  conducting  a  bene- 
fit-cost analysis  of  progress  in  forest  fire  protection  in 
North  Carolina  while  Carmichael  et  al.  (1979)  have 
completed  a  benefit-cost  study  in  California.  Schweit- 
zer et  al.  (1980)  evaluated  four  levels  of  initial  action 
and  aviation  program  input  using  the  FOCUS  simula- 
tion model  (Flatman  and  Storey  1979). 

Researchers  and  policy  directors  in  the  USDA  For- 
est Service  have  recognized  the  need  for  better  eco- 
nomic information  on  fire  management  program  alter- 
natives. A  policy  analysis  staff  report  (Gale  1977) 
included  the  following  recommendations: 

I.  Develop  new  fire  management  policies  that 
provide  a  broader,  more  positive  approach  to 
fire. 

II.   Establish  procedures  for  determining  reliable 
esitmates  of  forest  values. 

III.  Develop  an  integrated  fire  management  plan- 
ning process. 

IV.  Improve  the  accounting  and  budgeting  sys- 
tems of  fire  management. 

V.  Develop   and    implement   a   comprehensive 
evaluation  system. 

Item  I.  was  largely  accomplished  in  February  1978 
when  a  revised  fire  management  policy  became  effec- 
tive stating:  the  basic  fire  management  policy  on 
National  Forest  System  land  is  to  provide  well 
planned  and  executed  fire  protection  and  fire  use 
programs  that  are  cost-effective,  responsive  to  land 
and  resource  management  goals  and  objectives,  and 
supportive  of  the  1974  Forest  and  Rangeland  Renewa- 
ole  Resources  Planning  Act  resource  outputs.  Efforts 
to  accomplish  recommendations  II.,  III.,  and  V.  are 
•eflected  in  the  work  of  Schweitzer  et  al.  (1980)  enti- 
tled "A  partial  efficiency  analysis  of  the  fire  manage- 


ment program  on  six  National  Forests."  This  work 
will  be  discussed  in  greater  detail  because  it  repre- 
sents very  well  the  state  of  the  art  in  evaluating  the 
economic  efficiency  of  USDA  Forest  Service  fire  man- 
agement programs. 

Schweitzer  et  al.  (1980)  evaluated  the  economic 
efficiency  of  the  initial  attack  and  aviation  component 
of  the  fire  management  program  on  six  widely  spaced 
National  Forests  using  a  marginal  analysis  format. 
Minimizing  the  program  cost  plus  the  net  change  in 
the  value  of  response  outputs  and  structures  was  the 
economic  efficiency  criterion.  Four  program  levels 
were  evaluated.  The  results  of  this  study  included  the 
following: 

(1)  "The  lowest  program  tested  was  the  most  effi- 
cient in  the  majority  of  the  simulated  fire  years, 
12  out  of  17  years." 

(2)  "The  most  efficient  initial  attack  and  aviation 
program  level  was  not  affected  by  the  severity 
of  the  fire  year  in  four  of  the  six  case  study 
forests." 

(3)  "The  simulated  fire  suppression  cost  drops  in 
response  to  increases  in  the  initial  attack  and 
aviation  program  levels  in  all  case  studies." 

(4)  "The  net  value  change  of  resource  outputs  and 
structures  caused  by  fires  was  a  very  small 
percentage  of  the  total  cost  +  net  value  change 
in   13  of  the   17  years  studied." 

(5)  "The  vast  majority  of  the  net  value  change  in 
these  cases  was  the  loss  of  commercial  timber 
and  structures." 

The  authors  also  document  the  limitations  of  this 
study  that  must  be  overcome  before  a  complete  eco- 
nomic analysis  of  alternative  fire  management  pro- 
grams can  be  conducted.   Included  are: 

(1)  "Effectiveness  estimates  of  program  alterna- 
tives and  mixes  for  all  five  major  components  of 
the  fire  management  program  (prevention,  de- 
tection, initial  attack,  escaped  fire  suppression, 
and  fuel  treatments)  must  be  incorporated 
within  a  single  model  construct." 

(2)  "The  range  of  the  program  levels  tested  should 
be  wider  than  the  1979  -20  percent  to  1979 
+  40  percent  tested  in  this  study  to  ensure 
that  the  minimum  cost  +  net  value  change  is 
located." 

(3)  "The  stochastic  element  must  be  more  com- 
pletely incorporated  throughout  the  entire 
analysis  from  its  source  in  fire  occurrence  and 
fire  weather  variations  through  to  a  probability 


distribution  of  resource  impacts  and  cost  +  net 
value  change  itself." 

(4)  "Even  though  the  preliminary  sensitivity  analy- 
sis in  this  study  demonstrated  that  errors  in  the 
fire  effects  and  resource  value  estimates  would 
not  materially  affect  the  answers  on  economic 
efficiency,  the  accuracy  of  some  of  these  esti- 
mates is  still   quite  suspect." 

This  study  demonstrates  that  economic  efficiency 
analysis  for  wildland  fire  management  can  be  practi- 
cally applied.  At  the  present  time  it  can  indicate 
general  management  guidelines  using  the  best  re- 
source value  figures  and  prediction  techniques  availa- 
ble. As  these  improve,  more  specific  guidelines  can  be 
developed.  The  sensitivity  analysis  provides  impor- 
tant clues  as  to  which  resource  value  and  value  change 
variables  are  most  crucial  in  their  influence  on  the 
analysis.  Research  is  currently  underway  (e.g.,  Al- 
thaus  1980,  Mills  1980,  Simard  et  al.  (1980)  that 
should  improve  resource  value,  value  change,  and 
value-at-risk  information  including  nonmarket,  sec- 
ondary, and   off-site  values. 

The  few  economic  studies  of  State  fire  management 
programs  have  indicated  that  past  and  current  fire 
protection  programs  have  been  cost  effective  and  that 
additional  investments  in  these  programs  are  justi- 
fied. For  example,  Winkworth  et  al.  (1979)  concluded 
"with  every  passing  year,  the  timber  values  at  risk  in 
North  Carolina  are  growing,  not  only  due  to  the  suc- 
cess of  public  incentive  programs  but  as  a  result  of  real 
price  increases  for  standing  timber.  Using  economic 
guidelines, greater  expenditures  for  fire  protection  are 
justified  (moreover  they  are  essential)  when  values  at 
risk  increase  ....  North  Carolina  has  not  yet  reached 
the  point  of  diminishing  returns  in  wildfire  protec- 
tion." The  preceding  results  are  in  contrast  to  those 
obtained  for  National  Forests,  which  often  indicated 
that  the  lowest  fire  protection  level  examined  was  the 
most  cost  effective.  The  contrasting  results  are  not 
necessarily  inconsistent  because  the  fire  management 
programs  examined  for  the  National  Forests  are  much 
more  intensive  and  thus  more  likely  to  have  reached  a 
point  of  diminishing  returns. 

EQUITY 

The  state  of  the  art  in  applying  economic  principles 
to  wildfire  management  programs  appears  to  be  suffi- 
ciently developed  to  provide  general  guidelines  and 
evaluations.  Current  research  holds  the  promise  of 
improving  the  state  of  knowledge  and  providing  more 
specific  results.  Unfortunately,  however,  this  is  true 


only  for  evaluating  economic  efficiency.  Further, 
much  of  the  efficiency  analysis  has  focused  on  the 
needs  of  Federal  land  managers,  particularly  the  US- 
DA  Forest  Service,  in  western  States  containing  large 
acreages  of  National  Forests.  In  this  case  it  seems 
reasonable  that  the  costs  and  benefits  of  public  wild- 
land  fire  management  should  be  examined  from  a 
societal  viewpoint  because  public  land  management 
plans  and  objectives  are  clearly  intended  to  serve  the 
public  interest. 

The  use  of  economic  analysis  to  examine  the  equity 
of  wildfire  management  programs  either  separately  or 
in  combination  with  efficiency  analysis  has  been  limit- 
ed. The  question  of  equity  is  much  more  important 
when  developing  an  economic  rationale  to  evaluate 
programs  for  managing  wildfire  on  State  and  private 
land.  To  indicate  the  costs  and  benefits  associated 
with  wildland  fire  management  and  assume  that  they 
accrue  to  some  vaguely  defined  unit  called  "society"  is 
insufficient.  Equity  analysis  is  necessary  to  determine 
who  pays  (or  should  pay)  the  costs  or  who  reaps  the 
benefits  of  wildfire  management  programs.  Specific 
questions  that  must  be  addressed  were  posed  in  a 
State  and  Private  Forestry  status  report  on  Coopera- 
tive Fire  Protection  Economic  Analysis  at  a  USDA 
Forest  Service  Regional  Foresters  and  Directors  meet- 
ing in   Missoula  in  July   1980.   They  are: 

(1)  "What  level  of  fire  protection  and  cost  is  most 
appropriate  and  commensurate  with  manage- 
ment objectives  and  investments  for  land  pro- 
tected by  States?" 

(2)  "For  lands  protected  by  States,  who  has  interest 
and  derives  benefits  from  fire  protection  efforts 
and  costs?" 

(3)  "What  protection  level  and  cost  is  required  to 
protect  national  interest  in  the  lands  protected 
by  States?" 

(4)  "Who  should  pay  the  cost  of  fire  protection  and 
why?" 

Harden  (1980)  addressed  the  first  question.  He 
attempted  to  measure  the  cost  effectiveness  of  poten- 
tial increases  and  decreases  in  a  State  fire  protection 
budget  using  information  developed  in  the  National 
Forest  System's  Fiscal  Year  1980  Budget  Analysis  for 
the  Mark  Twain  National  Forest  in  Missouri.  He 
extrapolated  this  information  to  State  and  private 
land  in  Missouri  and  obtained  additional  data  from 
the  Missouri  Department  of  Conservation  to  estimate 
the  cost  effectiveness.  He  concluded  that  reducing 
suppression  expenditures  could  result  in  large  in- 
creases in  timber  damage  and  that  increasing  such 
expenditures  would  be  cost  effective  in  eastern  Mis- 


souri  and  marginally  cost  effective  in  western  Missou- 
ri. This  approach  gives  a  partial  answer  to  question  (1) 
but  it  is  still  primarily  concerned  with  economic  effi- 
ciency rather  than  equity.  Questions  (2),  (3),  and  (4) 
involve  equity  and  remain  largely  unanswered. 

Only  a  few  studies  have  dealt  with  the  question 
of  equity  in  fire  management  programs  in 
conjunction  with  economic  efficiency.  Kling  (1951) 
and  Swager  et  al.  (1958)  analyzed  the  cooperative 
forest  fire  program.  Kling  was  primarily  concerned 
with  a  nonquantitative  description  and  evaluation  of 
policy  and  administrative  programs.  Swager  et  al. 
attempted  to  determine  appropriate  funding  levels 
for  adequate  fire  protection  on  non-Federal  forest 
land  and  how  the  costs  should  be  shared  by  Federal, 
State,  and  private  parties.  Although  this  research 
provides  a  gross  estimate  of  equity  for  sharing  costs 
between  Federal  and  State  governments  and  private 
sources,  it  does  not  indicate  how  Federal  funds 
should  be  distributed  among  States  or  how  States 
should  distribute  costs  and  benefits  internally. 

We  did  not  locate  any  references  since  the  work  of 
Swager  et  al.  (1958)  that  dealt  explicitly  with  the 
question  of  equity  in  wildland  fire  management  pro- 
grams. Although  we  could  have  missed  some,  a  decid- 
ed gap  in  the  state  of  the  art  of  fire  economics  is 
clearly  indicated.  This  is  surprising,  because  ques- 
tions of  equity  would  appear  to  be  addressable.  Rele- 
vant data  should  be  available,  although  somewhat 
tedious  to  collect,  and  conventional  welfare  economics 
and   public  finance  theory  should   be  applicable. 


SUMMARY 

In  terms  of  economic  efficiency,  the  state  of  the  art 
for  using  economics  in  wildland  fire  management  has 
made  significant  advances.  Partial  economic  efficien- 
cy models  have  been  developed,  are  being  applied, 
and  are  capable  of  providing  general  guidelines  for 
some  aspects  of  public  wildland  and  fire  man- 
agement. Further  advances  are  likely,  such  as  the 
development  of  more  complete  economic  models  as 
well  as  improved  resource  value,  value  change,  and 


value-at-risk  information.  Recent  work  by  Schweitzer 
et  al.  (1980)  and  its  expansion  in  the  1980  Budget 
Analysis  (U.S.  Department  of  Agriculture,  Forest 
Service  1979b)  for  the  National  Forests  is 
representative  of  the  current  state  of  the  art.  Harden 
(1980)  has  shown  that  there  are  cases  in  which 
specific  National  Forest  analyses  can  be  extrapolated 
to  nearby  State  land,  at  least  in  terms  of  area-wide 
economic  efficiency. 

Several  problems  remain,  however,  even  for  eco- 
nomic efficiency  analysis.  A  gap  will  always  exist 
between  what  is  theoretically  desirable  and  what  is 
practical  to  apply,  given  the  limitations  of  time  availa- 
ble for  management  decisions  and  the  cost  of  informa- 
tion needed  for  available  models.  The  models  are 
compromises  between  what  should  and  what  can  be 
done.  A  similar  situation  exists  for  values,  value 
changes,  and  values-at-risk.  Theoretically,  these 
should  all  be  measured  and  expressed  in  monetary 
terms  but  this  may  not  be  practical.  For  example, 
much  controversy  occurs  as  to  how  losses  should  be 
appraised  even  for  timber,  one  of  the  most  marketable 
resources.  Selecting  the  proper  method  to  use  for 
measuring  nonmarket  values  is  even  more  difficult 
and  will  always  be  somewhat  subjective  and  arbitrary. 
At  the  far  extreme  of  measurement  and  monetary 
expression  difficulty  are  noneconomic  resource  val- 
ues, such  as  endangered  species  habitat.  The 
noneconomic  value  must  be  recognized  and  consid- 
ered, however,  in  determining  fire  management  policy 
and  practice.  The  potential  for  rare  but  large  and 
disastrous  conflagrations  must  also  be  considered 
even  though  conventional  economic  efficiency  analy- 
ses are  poorly  suited  to  incorporate  such  events. 

In  contrast  to  the  well  developed  state  of  the  art  for 
economic  efficiency,  the  issue  of  economic  equity  has 
received  little  attention.  Serious  attention  should  be 
devoted  to  the  question  of  who  pays,  or  should  pay, 
the  costs  and  who  obtains  the  benefits  of  wildfire 
management  programs.  With  such  information,  more 
complete  economic  efficiency  models,  and  improved 
resource  value  data,  it  should  be  possible  to  provide 
improved  and  more  specific  guidelines  for  fire  man- 
agement, which  will  result  in  economically  efficient 
and  equitable  programs. 
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of  research,  1958-1964.   University  of  California,  School  of 

Forestry .   1 7  p . 

Describes  fire  economic  research  in  California  and  makes  suggestions 

for  future  work  and  revision. 

KEYWORDS:  operations  research,  cost  effectiveness, 
production  relationships 

Arnold  ,  R. K. 
1949. 

Economic  and  social  determinants  of  an  adequate  level  of  forest  fire 
control.   Ph.D.  Diss.,  Univ.  Mich.,  Ann  Arbor,  205  p. 
KEYWORDS: 


Arrow,  K.J. 
1966. 

Discounting  and  public  investment  criteria 
eds.  ,  Water  Research,  Baltimore. 
KEYWORDS: 


In  A.  V.  Kneese  and  S.  C.  Smit 


ew ,  Ar  thur  J . 

5. 

nce-constr ained  dynamic  programming. 

6) :862-866. 

EYWORDS: 


Water  Resources  Research 


er ,  Jun  ius  0.  ,  Jr  . 

d.] 

olicy  regarding  fire  suppression  in  the  National  Forests.   Gov. 

loyees'  Train.  Act,  Fire  Manage.  Grad.  Paper,  Colo.  State  Univ.,  Ft. 

lins  .   25p . 

EYWORDS: 

er ,  Jun  ius  0. 

5a. 

elected  and  annotated  bibliography  for  wilderness  fire  managers. 

A  For.  Serv.,  Washington,  D.C.   36p. 

EYWORDS: 

er ,  J .  0 . ,  Jr  . 

5b. 

derness  fire  management:  policy  development  and  implementation. 

.  Thesis,  Colorado  State  Univ.,  Boulder. 

EYWORDS: 


ker ,  Pieter 

5. 

nomic  impacts  of  forest  fires:  the  Entiat  case. 

v.  Wash.,  Seattle.   113  p. 

EYWORDS: 


M.S.  Thesis , 


ney,  Richard  J. 

5. 

e  management:  a  definition.   J.  For.  73(8):498. 

ines  fire  management  as  "the  integrating  of  fire  related  biological, 

logical,  physical  and  technological  information  into  land  management 

meet  desired  objectives." 

EYWORDS:  fire  management,  land  use 

ney ,  Richard  J . 

9. 

dland  fire  research  needs  in  the  west:  Forest  Service  managers' 

ws .   USDA  Forest  Service  Gen.  Tech.  Rep.  Int-63,  15  p.   Inter. 

.  For.  and  Range  Exp.  Stn.,  Ogden  ,  Utah. 

vides  guidance  for  defining  and  setting  priorities  in  wildfire 

parch  in  the  western  regions  of  the  USDA  Forest  Service. 

EYWORDS:  wildfire,  research  needs,  problem  definition 


Barrager,  Stephen  M. ,  and  David  Cohan 

1979. 

An  analysis  of  the  economic  value  of  improved  fuels  and  fire  behavior 
information.   Final  Report.   Decision  Focus,  Inc.   prepared  for  USDA 
For.  Serv. ,  Rocky  Mtn.  For.  and  Range  Exp.  Stn  . 

KEYWORDS: 


Baumol ,  William  J . 

1969. 

On  the  social  rate  of  discount.   American  Economic  Review,  Vol.  LVIII, 

No  .  4. 

KEYWORDS: 

Beall,  H.W. 

19^9. 

An  outline  of  forest  fire  protection  standards.   For.  Chron.   25(2): 

82-106. 

Develops  standards  of  fire  protection  adequacy  for  Canada.   Primary  objec 

tives  are  defined  in  terms  of  acceptable  burned  area. 

KEYWORDS:  fire  protection  standards,  Canada,  acceptable  burn 

Beichler ,  W.K. 
1940. 

Fire  control  objectives  and  public  finance.   J.  For.   38 ( 4 ) : 333-3 38 . 
Discusses  the  proper  objectives  for  a  fire  control  agency  and  provides  a 
detailed  recommendation  as  to  how  to  obtain  adequate,  justifiable  funding 
KEYWORDS:  fire  control,  public  finance,  funds,  objectives 


Bonnicksen 
1979. 
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wildfire  e 
KEYWORDS 
systems  an 
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ement,  fire  control 


on  policy  in  Southern  California:  a  biosocial 

Manage.  8 ( 3 ) : 277-293 . 

pret  the  persistance  of  an  unsuccessful 


ed  management,  forest  management, 

king  models,  land  use,  fire  management, 

,  ecosystem 


Boyce,  Stephen  G. 
1977. 

Management  of  eastern  hardwoo 
MB).   USDA  For.  Serv.,   Res. 
Stn.,  Asheville,  N.C. 
Describes  a  new  technique  to 
pie  benefits,  to  give  all  int 
in  the  selection  of  biologica 
provide  alternatives  for  mana 
KEYWORDS:  multiple  benefits 
system  dynamics 


d  forests  for  multiple  benefits  (DYNAST- 
Paper   S.E.-168.   116p.   Southeast.  For.  Exp. 

harmonize  forest  management  actions  for  multi 
erested  parties  an  opportunity  to  participate 
lly  possible  combinations  of  benefits,  and  to 
gement  previously  not  available. 
,  silviculture,  forest  management, 


y,  R.  Paul 

st  fire  value  appraisal,  fire  effects— values-at-risk.   Can. 

Serv.  Working  Paper.   35p.   For.  Fire  Res.  Inst.,  Ottawa,  Ont. 
ines  forest  fire  value  appraisal,  fire  effects  and  values-at-risk  in 
da  . 
YWORDS:  fire  value  appraisal,  fire  effects,  values-at-risk 

y,  R.  Paul 

st  fire  value  appraisal.   6p.   [Presented  at  International  Fire 
gement  Workshop,  Edmonton,  Alberta,  October  31-November  1,  1978.] 
ribes  the  general  kinds  of  forest  resource  values,  the  general  trends 
anadian  practice  for  evaluating  fire  effects  and  the  kinds  of 
ovements  that  are  being  tested. 
YWORDS:  value  appraisal,  Canada,  fire  effects 

ten ,  Fredrick  W  . 

• 

ability  model  for  analysis  of  fire  management  alternative  in  FEES 
e  Economics  Evaluation  System).   USDA  For.  Serv.,   Problem  analysis. 
.  Pac.  Southwest  For.  and  Range  Exp.  stn.,  Riverside,  Calif. 
YWORDS: 

ten,  Fredrick  W.,  James  B.  Davis,  George  T.  Flatman,  Jerold  W.  Keith, 
ley  R.  Rapp,  and  Theodore  G.  Storey. 

• 

S:  a  fire  management  planning  system,  final  report.   USDA  For.  Serv., 
script  on  file.   96  p.  Pac.  Southwest  For.  and  Range  Exp.  Stn.,  River 
,  Calif. 
YWORDS: 

ie,  J.D.,  D.M.  Adams,  and  C.  Kao 

ysis  of  economic  impacts  on  thinning  and  rotation  for  Douglas-fir, 

g  dynamic  programming.   For.  Sci.   24 ( 4 ) : 5 1 2-522 . 

YWORDS:  computer  techniques,  systems  analysis,  simulation 

do,  A.,  R.J.  Mc  Conne,  and  W.G.  O'Regan 


operations  research  applications  in  the  conservation  of  wild- 
resources.   Manage.  Sci.  11(9):  802  —  8 14. 

cates  some  of  the  limited  operations  research  done  on  wildland  prob- 
and calls  attention  to  the  ever  increasing  opportunity  for  more  effort 

YWORDS:  planning,  fire  costs,  model,  resources 


Bromely,  D.W.,  W.B.  Lord,  D.  Sharma,  F.A.  Clarenbach,  F.  Bennet,  R. 
Conover,  M.  Feldman,  R.  Hartung,  J.  Ruching,  F.  Scharnke,  T.  Slater,  M. 
Villamizer,  M.  Warner,  B.  Weber,  and  E.  Woock 
1970. 

Procedures  for  evaluation  of  water  and  related  land  resource  projects:  an 
analysis  of  the  Water  Resources  Council's  task  force  report.   Center  for 
Resource  Policy  Studies  and  Programs.   The  University  of  Wisconsin. 
KEYWORDS: 

Brown,  Thomas  C.,  and  Ron  S.  Boster 

1974. 

Effects  of  chappar r al-to-gr ass  conversion  on  wildfire  suppression  costs. 

USDA  For.  Serv.,  Res.  Paper  RM-119.   11  p.   Rocky  Mt  .  For.  and  Range 

Exp.  Stn.,  Ft.  Collins,  Colo. 

Analyzes  case  histories  of  large  chapparral  fires  in  Arizona's  Salt-Verde 

Basin  . 

KEYWORDS:  fire  use,  economic  evaluation,  fire  hazard  reduction, 
chaparral  conversion 


Brown,  Thomas  C.,  and  Ron  S.  Boster 

1978. 

On  the  economics  of  timber  damage  appraisal  for  public  forestry. 

J.  For.  76( 12) :777-780. 

Demonstrates  the  difference  in  damage  appraisal  methods  needed  if 

ownership  aim  is  maximum  mean  annual  increment  rather  than  maximum 

site  rent. 

KEYWORDS:  damage  appraisal,  suppression  expenditures,  public  forests 


Brown,  Thomas  C,  Paul  F.  O'Connell,  and  Alden  R.  Hibbett 

1974. 

Chaparral  conversion  potential  in  Arizona.   Part  II:  an  economic  analysis 

USDA  For.  Serv.,  Res.  Paper  RM-127.   28  p.   Rocky  Mt.  For.  and  Range  Exp. 

Stn.,  Ft.  Collins,  Colo. 

Compares  the  costs  of  converting  chaparral  to  grass  and  maintaining  the 

conversion  over  a  50  year  period  with  the  benefits  to  society  in 

terms  of  increased  water  yield  and  forage  for  livestock,  and  reduced 

firefighting  costs. 

KEYWORDS:  chaparral  control,  multiple  use,  economic  evaluation, 
cost  estimation 

Bruce  ,  David 

1963. 

How  many  fires?   Fire  Control  Notes.   24:45-50. 

Discusses  relationships  of  fire  danger  classes  and  human-caused  fires  in 

Louisiana  and  Missouri. 

KEYWORDS:  fire  danger  classes,  number  of  fires,  frequency, 
mathematical  relationships 
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e,  N.G. 

'St  fire  control  literature.   An  author  bibliography  of  CFS  pub- 

itions.  Can.  For.  Serv.  ,  Misc.  Rep.  FF-Y-1 .   100  p.   For.  Fire 

Inst  .  ,  Can  . 
YWORDS: 

off,  G.J.,  W.A.  Leuschener,  and  J.D.  Wellman 
i . 

hetic  impacts  of  southern  pine  beetle  damage.   J.  Environ.  Manage. 
:261-267. 

lies  the  aesthetic  impact  of  southern  pine  beetle  damage  using  a 
ed-compar i sons  method  to  determine  the  preferences  of  subjects 
'ering  in  their  socialization  of  forest  management. 
lYWORDS:  landscape  preference,  aesthetic  impact,  insect  damage 

•  ner  ,  C  .  E  . 

economics  of  a  fire  protection  program.   Fire  Technology   2(1):5. 
:usses  a  method  for  quantitatively  evaluating  cost,  not  from  an 
lomist's  point  of  view,  but  as  an  engineering  analysis.   Describes  the 
lod  and  gives  an  example  of  its  application. 
:YW0RDS:  fire  protection,  cost 

.on,  Ian,  and  Robert  W.  Kates 
\. 

perception  of  natural  hazards  in  resource  management.   Nat.  Res.  J., 

,  pp. 412-41. 
lYWORDS: 

!l  ,  R. E.  ,  and  A. G.  Teskey 

). 

.ciency  in  suppressing  forest  fires:  a  study  of  the  Southeast  area 

lanitoba.   Can.  For.  Serv.,  Inf.  Rep.  MS-X-24.   17  p.  For.  Res.  Lab., 

li  peg  ,  Manitoba . 

.uates  criteria  for  expenditures  on  forest  fire  control,  with  special 

.ication  to  the  Southeast  forest  area  of  Manitoba. 

BYWORDS:  suppression,  area  burned,  efficiency  criteria 

.son,  Gerald  A.,  and  Donald  V.  DeBord 

> . 

.ic  mosquito  abatement.   J.  Environ.  Econ.  and  Manage.   3(2):  142-153. 

slops  a  simultaneous  model  for  mosquito  abundance  and  abatement  response 

lYWORDS:  mosquito  abatement,  economic  model 


11 


Carmichael,  H.E.,  C.R.  Alexander,  J.C.  Ellis,  and  K.E.  Wedemeyer 

1979. 

Firescope  economic  effectiveness.   Vol.  I:   benefit-cost  analysis. 

Prepared  for  U.S.  Department  of  Agriculture,  Forest  Service  by 

Aerospace  Corp.,  El  Segundo,  Calif.,  75  p. 

Presents  an  analysis  of  the  economic  costs  and  benefits  which  are 

expected  to  result  from  implementing  any  one  of  three  candidate  wildfire 

protection  systems. 

KEYWORDS:  firescope,  benefit-cost  analysis,  fire  protection,  California 

Carroll,  Franklin  0. 

1975. 

Fire  prevention  inspection  pays  big  dividends.   Fire  Management   36(3)  :  15 

Shows  that  inspection  of  fire  and  logging  equipment  is  an  effective  metho 

to  reduce  number  of  fires  and  acres  burned. 

KEYWORDS:  inspection,  equipment,  fire  prevention 

Chand ler,  Craig  C. 
1960. 

How  good  are  statistics  on  fire  causes?    J.  For.   58(7)  :51 5  —  5 17. 
Discusses  the  reliability  of  fire  statistics  in  planning. 
KEYWORDS:  statistics,  planning,  fire  causes,  accuracy 

Chandler,  Craig  C . 

1961  . 

Risk  rating  for  fire  prevention  planning.   J.  For.   59(2):93-96. 

Develops  a  new  system  of  risk  rating  designed  to  compare  areas  with 

radically  different  prevention  problems. 

KEYWORDS:  risk  rating,  fire  prevention,  weather,  fuels,  risk, 
prevention  effectiveness 

Chandler,  Craig  C,  and  James  B.  Davis 
1961  . 

What  do  people  know  about  fire  prevention?   Fire  Control  Notes   22:9-12. 
Shows  how  much  different  types  of  people  know  about  fire  prevention. 
KEYWORDS:  fire  prevention,  education,  survey,  people 

Chandler,  Craig  C,  and  Charles  F.  Roberts 
1973. 

Problems  and  priorities  for  forest  fire  research.    J.  For.  7 1 ( 1 0 ) : 625-62J 
Shows  how  forestry  is  changing  in  orientation  and  focus  and  the  resulting 
need  for  new  direction  in  formulating  fire  protection  policy  and  identi- 
fying fire  research  needs. 

KEYWORDS:  hazard  reduction,  fire  behavior  and  effects,  policy, 
risk  reduction 


12 


Lds,  Dan,  Gerald  Doesken,  and  Jack  Frye 

J  . 

lomics  of  rural  fire  protection  in  the  Great  Plains.   Economic  De- 

Dpment  Division,  Economic  Research  Service,  USDA  Agriculture  Information 

Letin  No.  407.   35  p. 

sents  data  and  procedures  to  help  local  decision  makers  analyze 

srnative  rural  fire  protection  systems. 

EYWORDS:  Oklahoma,  rural  fire  protection,  economics 

Lacy-Wantrup ,  S. V . 

4. 

nefit-cost  analysis  and  public  resource  development."   In  Smith, 

.,  and  E.N.  Castle,  eds.  ,  Economics  and  Public  Policy  in  Water  Re- 

rce  Development.   Iowa  State  Univ.  Press,  Ames. 

EYWORDS: 

b  ,  Steven  A . 

7. 

3  rent,  air  quality,  and  the  demand  for  amenities.   J.  Environ.  Econ. 

Manage.   4(3) : 21 4-21 8. 
susses  the  meaning  of  the  hedonic  equation. 
EYWORDS:  site  rent,  air  quality,  demand  for  amenities,  hedonic  function 

sn  ,   Alan  S. 

5. 

s  on  "benefit-cost  analysis:  a  questionable  part  of  environmental 

isioning."   J.  Environ.  Systems   5 ( 3  )  : 229-23 1 . 

EYWORDS: 

naughton,  Charles  A. 

0. 

e  related  research  and  development  needs.   In  The  Role  of  Fire  in  the 

ermountain  West:  Symposium  Proceedings.   Fire  Research  Council,  Missoula, 

t.,  pp.  199-201. 

EYWORDS: 

ntr yman ,  C . M . 

6. 

ing  fire  danger  by  the  multiple  basic  index  system.   J.  For.   64(8): 

h536. 

aks  down  fire  danger  into  its  component  parts  and  determinants  that  con- 

1  them.  Explains  advantages  of  the  multiple  index  system. 

EYWORDS:  basic  indexes,  fire  danger,  rating  system 

les,  Floyd  R. 

ilroad-caused  fires:  what  starts  them,  what  keeps  them  going.   Fire 
:agement   33(2):12-14. 

ises  of  railroad  fires  and  what  has  been  done  to  prevent  them. 
BYWORDS:  equipment,  heat,  fire,  prevention 
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Coy le ,  Leonidas 

1929 

A  basis  for  determining  proper  expenditures  for  fire  protection. 
J.  For.   27(2) : 148-150. 

Compares  the  fire  protection  results  from  funds  spent  as  opposed  to 
the  potential  results  of  spending  none  at  all. 
KEYWORDS:  risk,  cost,  money,  fire  protection 

Craig,  R.B.,  B.  Frank,  G.L.  Hayes,  and  G.M.  Jemison 

1945. 

Fire  losses  and  justifiable  protection  costs  in  the  southern  piedmont  of 
Virginia.   USDA  For.  Serv. ,  Appalachian  For.  Exp.  Stn.,  Asheville,  N.C. 
KEYWORDS: 

Craig,  R.B.,  B.  Frank,  G.L.  Hayes,  and  T.F.  Marburg 
1946a. 

Fire  losses  and  justifiable  protection  costs  in  the  south-western 
coal  section  of  Virginia.   USDA  For.  Serv.,  Appalachian  For.  Exp.  Stn., 
Ashevil le ,  N.C. 
KEYWORDS: 

Craig,  R.B.,   T.F.  Marburg,  and  G.L.  Hayes 

1946b. 

Fire  losses  and  justfiable  protection  costs  in  the  coastal  plain  region 

of  South  Carolina.   USDA  For.  Serv.,  Appalachian  For.  Exp.  Stn.,  Ashevilll 

N.C. 

KEYWORDS: 

Crosby ,  John  S . 

1954. 

Probability  of  fire  occurrence  can  be  predicted.   USDA  For.  Serv.,  Tech. 

Paper  143,  14p.   Central  States  For.  Exp.  Stn.,  Columbus,  Ohio. 

Shows  how  a  danger  meter  can  be  used  to  predict  the  number  and  size  of 

fires  in  the  Central  States. 

KEYWORDS:  fire  danger,  risk  factor,  fire  size,  budgeting,  effectiveness' 

Crosby,  John  S. 

1977. 

A  guide  to  the  appraisal  of  wildfire  damages,  benefits,  and  resource 

values  protected.   USDA  For.  Serv.,  Res.  Paper  NC-142,  43  p.,  illus. 

North  Central  For.  Exp.  Stn.,  St.  Paul,  Minn. 

A  set  of  value  concepts  and  methods  for  appraising  both  values-at- 

risk  and  changes  in  value  resulting  from  wildfire  are  presented.   Emphasi 

is  placed  on  the  effects  of  forest  fires  in  terms  of  their  effects  on 

human  and  organizational  goal  achievement. 

KEYWORDS:  forest  fire  damage  appraisal,  forest  fire  benefits, 
values-at-r isk ,  forest  fire  planning 
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iningham,  A. A.,  and  D.L.  Martell 

76. 

>  use  of  subjective  probability  assessment  to  predict  forest  fire 

jurrence.   Can.  J.  of  For.  Res.   6 ( 3 ) : 348-356 . 

KEYWORDS:  fire  danger,  assessment,  fire  control 

"  r y  ,  John  R . 

38. 

tes  on  a  theory  for  fire  protection  expenditures.   USDA  For.  Serv. , 

jublished  Report.   14  p.   Cal.  For.  and  Range  Exp.  Stn . ,  Berkeley,  Calif 

ss  damage  costs,  suppression  costs  and  preparedness  costs  to  demonstrate 

5  most  efficient  size  of  force  and  the  resulting  acceptable  acreage 

*ned  . 

(EYWORDS:  fire  protection,  damage,  suppression  costs,  guard  costs 

/is,  James  B.,  and  Craig  C.  Chandler 

961  . 

at  people  think  about  fire  law  enforcement.   Fire  Control  Notes 

:  13-15. 

scusses  what  people  in  California  know  about  fire  law  enforcement. 

KEYWORDS:  fire  law  enforcement,  people,  California 

/is,  James  B. ,  and  Robert  L.  Irwin 

76. 

3US:  a  computerized  approach  to  fire  management  planning.   J.  For. 

(9)  : 6 1 5-618. 

plains  how  FOCUS,  a  computerized  approach  to  fire  management  planning, 

rks  . 

KEYWORDS:  computer  program,  fire  management,  FOCUS 

i/i  s  ,  James  B.  ,  et  a  1  . 

77. 

sk  force  5:  economic  considerations  in  fire  management  planning. 

Fire  planning  research  status  and  needs:  report  of  the  Forest 
rvice  fire  research  project  leaders'  conference.   pp.  40-102.   Jan. 
-13,  1977.   Macon,  Ga . 

ows  how  the  economics  of  fire  management  planning  can  be  tied 
rectly  to  land  management  planning  as  part  of  the  overall  RPA  require- 
nts  and  schedules. 
KEYWORDS:  economics,  fire  management,  land  management 

vis,  James  B. 

79. 

lew  fire  management  policy  on  Forest  Service  lands.   Fire  Technol. 

:(1  ):43-50. 

KEYWORDS: 
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Da vi  s  ,  Lawrence  S . 
1965. 

The  economics  of  wildfire  protection  with  emphasis  on  fuelbreak 
systems.   Calif.  Div.  For.,  Sacramento.   166  p. 

Develops  a  production  model  of  wildfire  protection  that  includes 
the  multiple  inputs  of  suppression  and  fuel  modification.   Uses  the 
model  to  estimate  the  productivity  of  protection  activities  in  California 
and  to  investigate  the  economic  potential  of  large  scale  fuel  modificatioi 
KEYWORDS:  production  economics,  wildfire  protection,  fuel  breaks 

Davis,  Lawrence  S . 
1971  . 

The  economics  of  fire  management.   In  Planning  in  Fire  Management  Pro- 
ceedings.  Southwest  Interagency  Fire  Council,  Phoenix,  Ariz.,  pp.  60-69. 
KEYWORDS: 

Davis,  Lawrence  S. 

1974. 

An  exploration  of  the  economics  of  fire  management  programs  in  the 

Rocky  Mountains  with  emphasis  on  information  needs.   Unpublished 

manuscr  ipt .   19  p . 

Defines  fire  management,  develops  a  general  economic  model  for  program 

evaluation,  classifies  benefits,  costs  and  damages  related  to  fire 

management,  and  suggests  some  procedural  and  research  activities. 

KEYWORDS:  fire  management  model,  program  evaluations,  individual 
fire  evaluations 


Deeming,  John  E.,  James  W.  Lancaster,  Michael  A.  Fosberg, 
Furman,  and  Mark  J.  Schroeder 
1972. 

National  Fire-Danger  Rating  System.   USDA  For.  Serv. ,  Res 
165  p.  Rocky  Mtn.  For.  and  Range  Exp.  Stn . ,  Fort  Collins, 
KEYWORDS: 


R.  William 


Paper  RM-84, 
CO. 


Devet  ,  David  D . 
1975. 

Wildfire  used  to  achieve  land  management  objectives.   Fire  Management 
Vol.  36,  No.  1,  US  Government  Printing  Office,  Washington,  D.C. 
KEYWORDS: 


Donoghue ,  Linda  R  . 
1979. 

Developing  methods  for  evaluating  the  effects  of  fire  prevention  on 
ported,  man-caused  wildfire  occurrence.   USDA  For.  Serv.,   Problem 
Analysis,  14  p.   North  Cent.  For.  Exp.  Stn.,  E.  Lansing,  MI. 
KEYWORDS: 


r  e- 
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little,  M.L.,  and  M.L.  Lightsey 

9. 

thern  woods-burners:  a  descriptive  analysis.   USDA  For.  Serv.,  Res. 

er   SO— 151.   6p.   South.  For.  Exp.  Stn . ,   New  Orleans,  La. 

cribes  three  groups  of  woods-burners  identified  in  a  survey  of  1M 

blem  areas  in  the  south.   Also  explores  prevailing  attitudes  toward 

ds-burning  in  these  rural  communities. 

EYWORDS:  fire  concentration,  incendiarism,  prevention 

woody ,  Charles  G  . 
9. 

should  bear  the  responsibility  of  providing  fire  protection  on  lands 
side  the  national  forests?   J.  For.   27  (2)  :  151-15^4. 
EYWORDS:  California 

els,  Karen  L.,  and  Alan  R.  Taylor 

9. 

E  BASE.   The  wildland  fire  bibliographic  information  system. 

iron.  Manage.   3:21-27. 

EYWORDS: 

ing,  Louis  T.,  and  Richard  J.  Barney 

9. 

e  management:  a  component  of  land  management  planning.   Environmental 

agement   3(1): 15-20. 

lains  why  fire  management  should  be  viewed  as  an  integral  component  of 

eneral  land  use  plan. 

EYWORDS:  fire  management,  land  management,  resource  management 

ing,  Louis  T. ,  Richard  J.  Barney,  and  Rita  P.  Thompson 

0. 

onceptual  framework  for  integrating  fire  considerations  in  wildland 

nning.  USDA  For.  Serv.,  Res.  Note  INT-278.   lip.   Intermt.  For.  and  Range 

.  Stn . ,  Ogden ,  Utah . 

ers  a  system  for  land  management  planning  to  enable  managers  to  include 

evaluate  the  effects  of  wildfire  or  prescribed  burning  on  resources. 
EYWORDS:   fire  management,  land  use  planning 

is,  Thomas  H. 

7. 
uating  national  fire  planning  methods  and  measuring  effectiveness  of 
uppression  expenditures.   USDA,  For.  Serv.,  For.  Products  Lab.,  Madison, 

EYWORDS: 
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Ewar t ,  Jerry 

1976. 

Hot  shot  crews  pay  big  dividends.   Fire  Management   37  < 1 ) : 1 4— 16. 

Shows  that  hot  shot  crews  that  are  trained  to  work  together  and  who  know 
fire  behavior,  fire  weather  and  their  equipment  are  effective  on  fires. 
KEYWORDS:  costs,  training,  suppression 

Fischer,  D.W.,  and  G.S.  Davies 
1973. 

An  approach  to  assessing  environmental  impacts.   J.  Environ.  Manage. 
1  (3) :207-227. 
KEYWORDS: 

Fischer  ,  D .W . 
1975. 

Willingness  to  pay  as  a  behavioural  criterion  for  environmental  decision- 
making.  J.  Environ.  Manage.  3(1)5  29—4 1 . 

Attempts  to  summarize  and  pull  together  the  structure  for  showing  the 
economic  nature  of  the  perception  problem  and  to  demonstrate  the  inherent 
problems  in  the  use  of  willingness  to  pay  as  a  behaviourial  criterion  for 
environmental  managers  and  researchers. 

KEYWORDS:  willingness  to  pay,  environmental  decision-making, 
economic  nature  of  perception 

Fisher,  Anthony  C,  and  John  V.  Krutilla 
1974. 

Valuing  long  run  ecological  consequences  and  irreversibilities.   J.  Envirc 
Econ.  and  Manage.   1:96-108. 

Uses  central  Florida  as  an  example  of  reversible  vs.  irreversible  decisior 
i.e.,  perpetuating  the  area  for  nature  vs.  draining  for  agriculture. 
KEYWORDS:  irreversible,  reversible,  economics 


using  FOCUS  simulation. 
Southwest  For.  and  Range 


Flatman,  George  T.,  and  Theodore  G.  Storey 

1979. 

Decision  techniques  for  evaluating  fire  plans 

USDA  For.  Serv.,  Res.  Note  PSW-338.   6p.  Pac . 

Exp.  Stn.,  Berkeley,  Calif. 

Describes  and  illustrates  how  the  cost-plus-loss  and  benefit-cost 

methods,  in  conjunction  with  FOCUS  simulation,  can  help  to  quantify 

the  evaluation  of  a  variety  of  fire  planning  decisions. 

KEYWORDS:  fire  suppression  strategy,  benefit-cost  analysis,  fire  damage, 
decision  making,  computer  programs,  FOCUS 


Flint,  Howard  R. 
1924. 

The  appraisal  of  forest  fire  damages.   J.  For.   22 ( 2 ) :  1  54-1 6 1 . 
Discusses  the  uses  of  forest  fire  damage  information  and  appraisal  methods 
KEYWORDS:  fire  damage,  definition,  damage,  appraisal,  values 
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nt  ,  Howard  R . 

8. 

quate  fire  control.   J.  For.   26 ( 5  ): 624-638 . 

gests  a  working  definition  for  the  term  "adequate  fire  control." 

EYWORDS:  adequate  fire  control,  adequate  fire  protection,  cost,  losses 

ra ,  D .  F . 

8. 

h  on  damage  appraisal.   J.  For.   66 ( 1 ) : 1 2— 16. 

iews  alternative  damage  appraisal  measures,  their  merits  and  limitations 

EYWORDS:  physical  measures,  economic  measures 

kman ,  Wil liam  S . 

5. 

est  fires  as  accidents:  an  epidemiological  approach  to  fire  prevention 

earch.   (speech)  15p.  [Presented  at  "Keep  Green"  Luncheon,  56th  Western 

estry  Conference  of  the  Western  Forestry  and  Conservation  Association, 

couver,  B.C.,  December  8,  1965.] 

pares  accident  research  to  forest  fire  prevention  research. 

EYWORDS:  fire  prevention,  epidemiology,  accidents 

stall,  Fred,  William  F.  Hyde,  and  J.  Michael  Vasievich 

d.] 

tistical  analysis  of  forest  fire  statistics  and  causal  factors. 

e  University  School  of  Forestry  and  Environmental  Studies.   USDA 

.  Serv.,  S.E.  For.  Exp.  Stn .  and  USDA  For.  Serv.,  State  and  Private 

estry,  Co-op  Fires  Protection  Study  Plan.   3  p. 

EYWORDS: 


cher  , 

7. 

e  use  of 

agement . 

EYWORDS: 


G.D. 


economics  and  economists  in  public  land  natural  resource 
USDA  Gen.  Tech.  Rep.  WO-2,  pp.  5*1-58.   Washington,  D.C. 


e ,  Robert  D . 

6. 

ablishing  the  benefit  of  fire  management.    (Speech)  9p . 

loq.  Fire  Econ.,  Denver,  Colo.,  Sept.  9,  1976.] 

EYWORDS: 


[Presented  at 


e ,  Robert  D . 

7. 

luation  of  fire  management  activities  on  the  National  Forests. 

icy  Analysis  Staff  Report.   Forest  Serv.,  U.S.  Dep.  Agric., 

hington ,  D.C.  ,  127  p. 

luates  fire  management  practices,  procedures  and  management 

ategies  of  the  U.S.  Forest  Service,  and  examines  the  appropriateness 

ac  hi  e ved  results  . 

EYWORDS:  policy,  management  strategies,  economics,  National  Forests 
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Gamache  ,  Adr  ien  E . 

1969. 

Development  of  a  method  for  determining  the  optimum  level  of  forest  fire 

suppression  manpower  on  a  seasonal  basis.   Ph.D.   Diss.,  Univ.  Wash., 

Seattle.   163  p. 

Develops  a  simulation  model  through  which  the  classical  objective  of 

forest  fire  protection,  that  of  "least  cost-plus-loss,"  might  be 

implemented . 

KEYWORDS:  fire  suppression,  economic  theory,  simulation  model 

Gibson,  H.  P.,  Lance  F.  Hogdin,  and  John  L.  Rich 
1976. 

Evaluting  national  fire  planning  methods  and  measuring  effectiveness  of 
pr esuppression  expenditures.   USDA,  For.  Serv.,  Washington,  D.C. 
KEYWORDS: 

Gi  sborne ,  H . T . 

1939. 

Hornby's  principles  of  fire  control  planning.   J.  For.  37 ( 4  ):  292-296 . 

Outlines  Hornby's  principles  of  fire  control  planning.   Emphasizes  the 

major  features  which  have  too  often  been  obscured  by  the  detailed  technic 

procedures  . 

KEYWORDS:  fire  control  planning,  fuel  types,  research 

Gi  sborne  ,  H . T . 

1940. 

Comparison  of  intensive  versus  limited  forest  fire  control  action.   USDA 

For.  Serv.,  Res.  Note  10.   5p.   Northern  Rocky  Mt .  For.  and  Range  Exp.  St 

Mi  ssoula  ,  Mont . 

Compares  the  economic  impact  of  fires  on  an  intensively  protected  area  in 

Idaho  and  Montana  and  an  adjacent  area  with  limited  protection  in  Canada. 

KEYWORDS:  intensive  protection,  limited  protection,  Idaho,  Montana, 
British  Columbia 

Gorte,  Julie  K.,  and  Ross  W.  Gorte 

1979. 

Application  of  economic  techniques  to  fire  managemen t--a  status  review 

and  evaluation.  USDA  For.  Serv.,  Gen.  Tech.   Rep.  INT-56,  26  p.   Intermt. 

For.  and  Range  Exp.  Stn . ,  Ogden  ,  Utah. 

Discusses  both  the  historic  and  contemporary  influences  of  economics  in 

formulating  USDA,  Forest  Service  fire  management  policy  in  allocating 

money  for  fire  management  and  in  appraising  fire  effects.   Includes  a 

partial  listing  of  publications  that  deal  with  resource  valuation. 

KEYWORDS:  economics,  fire  management,  benefit-cost  analysis, 
damage  appraisal 
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"te  ,  Ross  W. 

r9. 

•e  effects  appraisal  handbook  for  Wisconsin.   North  Central  Forest 

>.  Stn.,  East  Lansing,  Mich. 

relops  a  new  fire  effects  appraisal  system  for  Wisconsin  which  recog- 

:es  non-timber  wildland  values  and  the  possible  beneficial  effects  of 

"e  . 

CEYWORDS:    fire    effects    appraisal,    economics,    Wisconsin 

ah,     Rudolf    F.,    and    Alan    Long 

M  . 

Lifornia  fuelbreaks:  costs  and  benefits.   J.  For.   69(2):89-93. 

scusses  the  construction  of  fuelbreaks  in  central  California. 

CEYWORDS:  cost  effectiveness,  cost  benefit,  timber  value,  fuelbreaks 

senlee,  Jason,  and  Carl  Wilson 

J9. 

st  effective  fire  management:  a  pilot  study.   For  USDA  For.  Serv. , 

juoia  National  Forest,  Porterville,  Calif. 

CEYWORDS: 

Lnes,  Donald  A.,  Von  J.  Johnson,  and  William  A.  Main 
15. 

Ldfire  atlas  of  the  Northeastern  and  North  Central  States.   USDA  For. 
-v.,  Gen.  Tech.  Rep.   NC-16,  25p.,  illus.,  North  Cent.  For.  Exp.  Stn., 
.  Paul  ,  Minn . 

3cribes  patterns  of  forest  fire  activity  across  the  Northeastern  and 
-th  Central  United  States.   Gives  average  dates  of  greening  and  curing 
herbaceous  plants,  median  size  of  fires  in  various  fuels,  and  annual 
jfiles  of  peak  fire  activity.   It  also  examines  combinations  of  major 
-e  causes  and  day-of-week  activity. 

CEYWORDS:  fire  danger  rating,  herbaceous  stage,  fire  season, 
bional  forests 


'den  ,  Charles  H . 

30. 

rest  fire  protection  economic  analysis,  Missouri  Department  of 

nservation.   USDA  For.  Serv.,  Cooperative  Fire  Protection. 

shington ,  D . C .   13  P . 

asures  the  cost  effectiveness  of  potential  increases  and  decreases 

a  State  fire  protection  budget. 
CEYWORDS:  cooperative  fire  protection,  economic  analysis,  cost 
*f f ec ti  veness 


Harrison,  H .  Ames 

1977. 

Rural  community  fire  protection  program:  two  years  of  accomplishment. 

J.  For.   75( 12) :780-781 . 

Describes  the  operation  of  the  Rural  Community  Fire  Protection  Program 

(RCFD)  and  cites  examples  of  its  accomplishments  in  1975  and  1976. 

KEYWORDS:  fire  protection,  rural  communities,  cooperative  fire  managers 


Headley ,  Roy 
1916. 

Fire  suppression 
KEYWORDS: 


district  5.   USDA  For.  Serv.,   May  1,  1916.   58p 


Headley,  Roy 
19^3. 

Re-thinking  forest  fire  control.   USDA  For.  Serv.,  Res.  Paper  M-5123. 
North.  Rocky  Mt .  For.  and  Range  Exp.  Stn.,  Missoula,  Mont. 
KEYWORDS: 


3« 


Helliwell,  D.  R. 

1974. 

Discount  rates  in  land-use  planning.   Forestry   47 ( 2 ) : 1 47-1 52 . 

Suggests  that  discounting  procedures  employing  rates  similar  to  the  curre 

bank  rates  are  not  appropriate  in  forest  planning  and  that  much  lower 

discount  rates  should  be  used,  together  with  an  assessment  of  the  ratio 

of  expected  income  to  capital  investment. 

KEYWORDS:  discounting,  forest  planning,  land-use  planning 

Hoi ley ,  Lester 
[n.d.  ] 

An  illustration  of  "least-cost-plus-loss"  and  "benefit-cost"  in 
determining  the  optimum  level  of  forest  fire  protection.   Draft  Man- 
uscript, N.  Carolina  Division  of  For.  Resources.   lip. 
Illustrates  "least-cost-plus-loss"  and  "benefit-cost"  models 
in  the  context  of  a  fire  budgeting  problem  to  show  that  they  are 
equi  valen t . 

KEYWORDS:  fire  protection,  least-cost-plus-loss,  benefit-cost, 
budgets 


Hornby ,  L . G . 
1936. 

Fire  control  planning  in  the  northern  Rocky  Mountain  region. 
Serv.,  Missoula,  Mont.   179p. 
KEYWORDS: 


USDA  For. 


Hubert,  C.A. 

1959. 

The  economics  of  adequate  forest  fire  protection. 

Can.,  Woodland  Section.   March : 1 54-1 59 . 


Pulp  and  Paper  Mag.  of 
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ghes ,  Jay  M . 

76. 

5    Resources  Planning  Act  and  some  gut  issues  for  forest  economists. 

jth.  For.  Econ.  Workshop,   Savannah,  Ga .  May  1976.   14p. 

KEYWORDS: 

ffers  ,  J.  N.  R. 

73. 

stems  modeling  and  analysis  in  resource  management.   J.  Environ.  Manage. 

1  )  :  13-28. 

news  some  of  the  current  developments  in  systems  modeling  and  analysis 

resource  management,  and  also  discusses  the  application  of  mathematical 
dels  and  techniques  to  the  problems  which  particularly  interest  ecolo- 
sts,  geographers,  geologists,  meteorologists  and  other  branches  of  the 
vironmental  sciences. 
KEYWORDS:  systems  modeling,  resource  management 


schke,  M.,  and  J.  Shamblin 
74. 


74. 

apter  1:  introduction,  section  c,  wildland  fire  mana 

evention  methods  and  analysis.   Stein  Weissenber ger , 

iv.,  School  of  Eng.,  NASA  Contract  NGT-05-020-409 . 

KEYWORDS: 


anagement,  volume  1: 

s>  »     ts  A  Q  4-  ~  »,  r,-s  ►-  A 


ed .   Stanford 


nes,  T.  Morris,  and  M.  B.  Badenhop 

77. 

re  protection  alternatives  for  rural  communities.   Bulletin  568. 

of  Tenn.,  Ag .  Exp.  Stn . 
KEYWORDS: 

Iter,  R.J.,  W.B.  Lord,  D.J.  Allee,  E.N.  Castle,  M.M.  Kelso,  D.W. 
omley,  S.C.  Smith,  S.V.  Cir iacy-Wan tr up ,  and  B.A.  Weisbrod 

69. 

iteria  for  federal  evaluation  of  resource  investments.   Water  Resources 

d  Marine  Sciences  Center,  Cornell  University,  Ithaca,  New  York. 

KEYWORDS: 

tes,  Robert  W. 

62. 

izard  and  choice  perception  in  flood  plain  management.   Dept .  of  Geog. 

s.  Paper  No.  78,  Univ.  of  Chicago  Press,  Chicago,  111. 

KEYWORDS: 
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Kelso,  M.M. 

1977. 

Natural  resource  economics:  the  upsetting  discipline.   Amer .  J.  Agr .  Econ 

59(5)  : 81 4-823. 

Demonstrates  the  incompatibility  between  natural  resource  economics  (whic 

should  perceive  nature  as  a  closed  system)  and  the  conventional  economic 

wi  sdom . 

KEYWORDS:  conventional  economics,  land  economics,  policy 

Kessell,  Stephen  R. 
1979. 

FORUM:  Fire  modeling,  fire  management,  and  land  management  planning. 
Environ.  Manage.   3:  1-2. 
KEYWORDS: 

Kling  ,  John  B . 

1951  . 

Cooperative  forest  fire  control — policy  determination  and  administration 

in  the  Clark-McNary  grant-in-aid  program.   College  of  For.,  State  Univ.  o 

N.Y.,  Vol.  XXIV,  No. 3,  Bull.  25,  Syracuse,  N.Y.,  106  p. 

Describes  and  evaluates  administrative  techniques  for  cooperative  forest 

fire  protection  . 

KEYWORDS:  Clark-McNary  Act,  cooperative  fire  protection,  administration 

Kneese  ,  Al len  V . 
1976. 

Natural  resources  policy  1975-1985.   J.  Environ.  Econ.  and  Manage.   3(4): 
253-288. 

Attempts  to  develop  a  coherent  program  of  natural  resource  policies. 
KEYWORDS:  natural  resource  policy,  economics,  environmental  resources 

Kourtz  ,  P  .H. 
1967. 

Computer  tells  how  to  spend  forest  fire  dollars.   Canadian  Forest 
Industries   87(12):40. 
KEYWORDS: 

Kourtz,  P.H. 

1968. 

Resource  allocation  for  forest  fire  control.   Can.  Dept  .  of  Forestry  and 

Rural  Development.   Publication  no.  1232.  10  p. 

Examines  the  use  of  operations  research  techniques  in  conjunction  with 

resource  allocation. 

KEYWORDS:  resource  allocation,  decision  makers,  operations  research, 
Canada 
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;islative  Budget  Committee 

38. 

aring  the  annual  cost  of  forest  fire  protection — an  analysis  of  Wash- 

jton's  present  system.   A  report  to  the  Washington  State  Legislature. 

).  No.  68-4.   Olympia,  Wash.   43  p. 

(EYWORDS:  fire  protection,  costs,  cooperative  fire  management,  Washington 

vis,  Joe,  Lionel  Johnson,  J.  B.  Davis,  Richard  Cumbie,  Dave  Duckett,  and 

?h  Mobley 

79. 

assessment  of  value s-at-r i sk  relating  to  fire  protection  in  Alabama. 
5.  Dep.  Agric.  Forest  Service  and  Alabama  For.  Comm.,  Atlanta,  Ga . ,  45p. 
jvides  an  estimate  of  the  total  value  of  wildland  resources  that  could 

affected  by  fire  in  Alabama.   Includes  dollar  estimates  for  non-market 
Lues  . 
KEYWORDS:  fire  protection,  resource  values,  Alabama 

idemuth,  A.W.,  Jr.,  J.J.  Keetch,  and  Ralph  M.  Nelson 

51  . 

-e  damage  appraisal  procedures  and  tables  for  the  Northeast.   USDA  For. 

-v.,  Southeast  For.  Exp.  Stn.  Paper  11.   28  p.   Asheville,  N.C. 

KEYWORDS:  fire  damage  appraisal,  uniformity,  cost 

Dmis,  Robert  M.,  Charles  R.  Crandall,   and  Richard  W.  Mullavey 

74. 

4    York  reduces  railroad  fires.   Fire  Management   35(2):3. 

plains  methods  used  to  reduce  railroad  fires  in  the  state  of  New  York. 

KEYWORDS:  fire  reduction,  acres  burned,  equipment 

ban  ,  James  E . 

79. 

tegrating  fire  management  into  land  planning:  a  multiple  use  manage- 

nt  research,  development,  and  application  program.   Environmental 

nagement  3(1) :7-1 4. 

plains  why  fire  management  should  be  viewed  as  part   of  land  management. 

KEYWORDS:  fire  management,  land  management,  resource  management 

er idge  ,  Earl  W . 

4. 
fire  suppression  policy  of  the  U.S.  Forest  Service.   J.  For.  42(8): 

-554. 
i3cusses  the  Forest  Service's  10:00  a.m.  policy. 
KEYWORDS:  fire  suppression,  costs,  fire  control 
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Lowe,  Philip  0.,  Peter  F.  Ffolliott,  John  H.  Dieterich, 

and  David  R .  Patton 

1978. 

Determining  potential  wildlife  benefits  from  wildfire  in  Arizona  ponderos 

pine  forests.   USDA  For.  Serv.,  Gen.  Tech.  Rep.  RM-52,  12  p.   Rocky  Mt . 

For.  and   Range  Exp.  Stn . ,  Ft.  Collins,  Colo. 

Shows  that  although  wildfires  are  frequently  destructive  to  the  timber 

resource,  wildlife  may  not  be  so  adversely  affected.   Selected  species  of 

wildlife  are  studied. 

KEYWORDS:  fire  effects,  fire  economics,  wildlife  populations,  Arizona, 
ponderosa  pine 

Lyon,  L.  Jack,  Hewlette  S.  Crawford,  Eugene  Czhuai,  Richard  L. 
Fredriksen,  Richard  F.  Harlow,  Louis  J.  Metz,  and  Henry  A.  Pearson 
1978. 

Effects  of  fire  on  fauna.   USDA  For.  Serv.,  Gen.  Tech.  Rep.  WO-6 ,  41  p. 
Washington ,  D . C . 
KEYWORDS: 

Mac ta vi  sh  ,  J  .  S . 
1965. 

Economics  and  forest  fire  control.   Dept .  For.  Can.  Publ  .  1114.   24p. 
Uses  flood  control  planning  techniques  to  construct  an  economic  model 
for  forest  fire  control  even  though  recognizing  that  the  required  in- 
formation to  practically  apply  the  model  is  probably  not  available. 
KEYWORDS:  economics,  fire  control,  flood  control 

Mac ta vi  sh  ,  J . S . 

1966. 

Appraising  fire  damage  to  mature  forest  stands.   Can.  Dept.  of  Forestry 

and  Rural  Development,  publication  no.  1162.   31  p. 

Discusses  an  approach  to  the  standardization  of  appraising  forest  fire 

damages  . 

KEYWORDS:  fire  damages,  economic,  fire  control,  Canada 

Mar,  B.W. 

1974. 

Problems  encountered  in  mul t id i sci plinary  resources  and  environmental 

simulation  models  development.   J.  Environ.  Manage.   2 ( 1 ) : 8 3  — 100. 

Conducts  an  experiment  to  assess  and  document  interdisciplinary 

environmental  modeling  activities. 

KEYWORDS:  mult idi sc iplinar y  resources,  environmental  simulation  models 


Mar gl in  ,  S 
1963. 

The  social 

Journal  of 

KEYWORDS 


A. 
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One  of  the  missions  of  wildland  fire  management 
is  to  integrate  fire  with  other  land  management  ac- 
tivities to  achieve  desired  objectives  at  the  lowest 
cost.  When  fire  managers  know  how  fires  are  likely 
to  behave  in  an  area  as  well  as  that  area's  associated 
weather,  topography,  and  fuel  moistures,  they  can 
establish  limits  for  public  and  industrial  activities, 
plan  prescriptions  for  burning,  pre-position  and  dis- 
patch suppression  resources,  and  select  appropriate 
wildfire  suppression  tactics.  This  publication  will  show 
fire  managers  how  to  employ  FIREFAMILY,  a  com- 
puter program  that  uses  historic  weather  data  to 
predict  future  fire  management  needs.  The  publi- 
cation also  identifies  the  various  options  available 
within  FIREFAMILY'S  major  routines. 

The  three  major  routines  of  FIREFAMILY  are 
FIRDAT,  SEASON,  and  FIRINF.  In  the  routine  FIR- 
DAT,  fire  weather  station  characteristics  are  com- 
bined with  daily  weather  records  and  the  equations 
of  the  National  Fire-Danger  Rating  System  (NFDRS) 
to  produce  frequency  distributions  tables  and 
graphs  of  the  NFDRS  indexes  and  components.  These 
frequency  tables  and  graphs  are  useful  for  deter- 
mining manning  levels.  For  an  explanation  of  the 
NFDRS,  see  Deeming  et  al.  (1977),  Burgan  et  al. 
(1979),  and  Helfman  et  al.  (1980).  SEASON  and  FI- 
RINF re-read  data  created  by  FIRDAT  and  organize 
it  into  probabilities,  seasonal  graphs,  calendars,  and 
other  fire  management  tools. 

In  the  following  sections,  we  discuss  each  of  these 
three  major  routines,  emphasizing  what  you  will  be 
required  to  provide  as  well  as  how  you  can  analyze 
the  various  products.  We  also  provide  an  Appendix 
to  acquaint  you  with  the  Fort  Collins  Computer  Cen- 


ter (FCCC)  job-control  language  required  to  operate 
this  program.  Because  FIREFAMILY  continually 
grows  to  meet  users'  needs,  you  might  notice  slight 
differences  between  the  output  used  for  illustration 
and  that  received  from  the  Fort  Collins  computer. 
For  updated  instructions,  contact  the  Cooperative  Fire 
Protection  Staff  of  the  USDA  Forest  Service  at  Boise, 
Idaho  (Boise  Interagency  Fire  Center,  3905  Vista 
Avenue,  Boise,  Idaho,  83705). 


FIRDAT  ROUTINE 

You  will  begin  the  analysis  of  your  data  by  pro- 
viding information  to  FIRDAT  on  lead  cards.  This 
information  includes  the  station's  elevation,  lati- 
tude, fuel  model,  slope  class,  herbaceous  type,  and 
climate  class  (see  Appendix  I).  FIRDAT  will  read  this 
information  as  well  as  your  historical  weather  data 
on  file  at  the  National  Fire  Weather  Data  Library 
(NFWDL)  (see  Furman  and  Brink  1975). 

FIRDAT  examines  your  weather  data  on  a  daily 
basis  to  determine  the  best  option  to  use  in  comput- 
ing the  daily  fuel  moistures.  Then,  using  the  NFDRS 
equations,  FIRDAT  calculates  the  NFDRS  compo- 
nents and  indexes.  These  daily  values  of  weather, 
indexes,  and  components  can  be  saved  for  later  use; 
they  must  be  saved  if  you  are  going  to  use  SEASON 
and/or  FIRINF.  You  can  request  a  printout  of  these 
values  called  the  daily  list. 

An  innovative  aspect  of  this  routine  allows  you  to 
define  the  specific  dates  for  a  fire  season  for  a  par- 
ticular protection  area.  This  feature  is  particularly 
helpful  if  you  have  a  split  fire  season.  For  example, 


in  the  Northeast  fires  occur  frequently  in  both  the 
spring  and  the  fall,  but  few  fires  occur  in  the  summer. 
You  might  select  April  10,  for  example,  as  the  be- 
ginning of  the  fire  season  and  November  9  as  its  end 
on  lead  card  one  (Appendix  la).  Then  on  lead  card 
two  (Appendix  lb),  you  would  exclude  the  summer 
period  from  June  21 -September  11  when  there  are 
few  fires.  FIRDAT  would  then  provide  a  frequency 
analysis  for  only  the  high  risk  spring  and  fall  peri- 
ods. 

FIRDAT  always  prints  a  summary  of  station 
statistics  for  each  year  you  select.  When  the  data 
for  your  station  end,  the  routine  prints  frequency 
distributions  tables  and  graphs  for  those  NFDRS 
indexes  and  components  you  chose  on  lead  card  one. 

Header  Page 

FIREFAMILY  always  prints  a  header  page  (fig. 
1)  showing  the  information  you  supplied  on  your  lead 
cards.  Always  keep  your  header  page  attached  to 
the  output  as  a  permanent  record  of  the  input  you 
used  for  that  run.  The  header  page  repeats  char- 
acter-by-character the  information  you  supplied.  The 
program  then  inspects  your  lead  cards  for  consist- 
ency and  format.  For  instance,  if  the  weather  infor- 
mation read  oy  the  computer  is  not  for  your  station, 
or  is  outside  the  years  that  you  specified  on  your  lead 
card,  you  will  receive  an  error  message. 

The  large  block  number  240107  on  our  header 
page  (fig.  1)  is  the  weather  station  number.  Bold 
letters  A  and  B  point  out  the  information  supplied 
on  the  FIRDAT  lead  cards.  Letter  C  identifies  a  SEA- 
SON lead  card  and  letter  D  identifies  two  FIRINF 
lead  cards.  Note  that  you  can  provide  up  to  three 
separate  lead  cards  for  both  SEASON  and  FIRINF. 
In  our  example  (D)  we  provided  two  lead  cards,  which 
resulted  in  two  separate  FIRINF  runs. 

The  routine  prints  a  KEY  line  under  the  lead  CARD 
line  to  identify  the  entries  immediately  above  it. 
Find  !  =  PASSING  FILE  (above  E)  on  lead  card  one. 
The  KEY  character  "!"  is  associated  with  the  pass- 
ing file,  an  essential  FIREFAMILY  component  that 
passes  FIRDAT  data  to  SEASON  and  FIRINF.  Now 
find  the  "!"  in  the  KEY  line.  Look  directly  above  the 


"!"  and  find  a  "T."  The  "T"  stands  for  true,  indicg 
that  a  passing  file  was  created  in  this  run.  Ar 
(false)  there  would  have  meant  that  the  passing 
would  not  be  created  and  would  not  be  availabl 
use  with  SEASON  and  FIRINF. 


Daily  List 


If  you  choose  to  print  the  weather  data,  the  rou 
will  print  the  daily  list  (fig.  2).  Always  examine; 
daily  list  closely  to  ensure  that  the  historical  wea 
elements  on  the  left  hand  side  correspond  to  ; 
original  weather  records. 

At  the  top  of  each  page  the  title  "DAILY  L 
appears.  Included  on  the  left  are  the  FIREFA1V 
version  number  "1978  NFDRS  VERSION  FFY 
the  administrative  ownership  "KOOTENAI  NF,' 
station  name  and  number  "LIBBY  MONT^ 
240107,"  and  the  user-selected  MODEL— "C,"  SL< 
CLASS— "2,"  HERB  TYPE— "A,"  and  CLIM, 
CLASS — "2."  Included  on  the  right  are  the  dai 
the  run,  page  number,  station  elevation  and  latit 
and  the  fire  season  dates. 

Bold  A  indicates  abbreviated  column  headi 
From  left  to  right,  these  abbreviations  stand  for: 
of  observations;  processing  option;  state  of  the  weal 
dry  bulb  temperature;  relative  humidity;  wind  sp 
maximums  and  minimums  of  temperature  and 
ative  humidity;  amount  and  duration  of  precij 
tion;  lightning  activity  level;  human-caused  risk 
six  fuel  moistures:  woody,  herbaceous,  1-hour, 
hour,  100-hour,  and  1,000-hour;  NFDRS  compone 
ignition,  spread,  and  energy  release;  NFDRS 
dexes:  human-caused  fire  occurrence,  lightning-cai 
fire  occurrence,  burning,  and  fire  load. 

Three  special  symbols  may  appear  in  the  prinl 
An  asterisk  "*"  after  either  the  precipitation  d 
tion  or  the  10-hour  moisture  indicates  that  t 
values  were  computed  rather  than  read  from 
data  (B).  A  plus  sign  "  +  "  after  the  1-hour  mois 
shows  that  it  was  raining  at  observation  time 
A  "T"  after  a  zero  "0"  in  precipitation  amount 
dicates  a  trace.  A  key  to  this  information  appeal 
the  bottom  of  each  daily  list  page. 

At  the  end  of  each  month,  FIRDAT  produc 
summary  report  (D)  of  the  number  of  days  in 
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month,  the  precipitation  amount  and  duration,  and 
the  human-caused  risk  level.  The  NFDRS  indexes 
and  components  are  also  totaled.  This  report  may  be 
used  to  chart  the  monthly  progress  of  your  fire  sea- 
son. 

The  daily  list  also  provides  a  convenient  way  to 
learn  how  changing  weather  elements  affect  the  fuel 
moistures  and  the  NFDRS  values.  It  is  a  complete 
statement  of  all  that  is  known  from  a  fire-danger 
point  of  view  about  any  particular  day,  and  it  can 
provide  information  for  fire  reviews,  trespass  cases, 
arson  investigations,  and  other  studies  when  no  other 
measurements  were  made. 

Through  the  daily  list,  fire  managers  can  also  see 
sudden  changes  in  the  character  of  a  particular  ele- 
ment such  as  woody  fuel  moisture  green-up.  Note 
that  before  green-up  on  June  1  (E)  the  woody  fuel 
moisture  was  held  constant,  and  the  herbaceous  fuel 
moisture  was  the  same  as  the  1-hour  fuel  moisture. 
At  green-up  the  living  fuel  moistures  begin  to  in- 
crease. 

Summary  of  Station  Statistics 

The  summary  of  station  statistics  (fig.  3)  is 
printed  after  each  year  is  processed.  The  usual  head- 
ing appears  at  the  top  of  the  page  with  the  title.  The 
year  (A)  for  which  these  data  is  being  summarized 
is  printed  below  the  title.  This  printout  summarizes 
the  lightning  fire  occurrence  indexes  for  the  fire  sea- 
son (B)  using  a  lightning  scaling  factor  (C)  specified 
on  lead  card  two.  The  summary  also  illustrates  the 
pattern  of  lightning  activity  level  distribution  (D). 
These  statistics  are  required  to  recalculate  the  light- 
ning scaling  factor  for  use  with  the  AFFIRMS  pro- 
gram. See  Appendix  D  of  Deeming  et  al.  (1977)  for 
a  discussion  of  this  analysis.  FIRDAT  reports  how 
much  data  were  missing  from  the  official  fire  season 
(E)  and  the  total  number  of  days  processed  (F). 

The  average  ignition  component  is  printed  to  help 
the  fire  manager  appraise  the  local  adjustment  for 
human-caused  fires  (G)  (see  Deeming  et  al.  1977, 
Appendix  E).  If  you  have  selected  the  passing  file 
(a  product  of  FIRDAT  that  passes  data  to  SEASON 
and  FIRINF),  the  total  number  of  records  written  on 
it  will  be  noted  at  the  bottom  of  the  final  annual 
summary  that  you  receive  (H). 

Frequency  Distributions 
Table 

FIRDAT  sorts  all  the  days  in  a  station's  fire  season 
from  the  lowest  to  the  most  extreme  fire  danger  and 


prints  out  a  frequency  distributions  table  (fig.  4). 
On  lead  card  one  you  select  the  indexes,  components, 
and/or  fuel  moistures  for  tabulation.  You  will  receive 
a  table  for  each  variable  that  you  select.  The  table 
summarizes  how  often  each  level  of  that  measure  of 
fire  danger  occurred. 

In  our  example,  the  burning  index  (A)  was  the 
chosen  variable.  Our  table  shows  the  total  number 
of  days  (731)  that  fell  within  the  fire  season  (B)  and 
the  total  number  of  classes  (26)  into  which  the  var- 
iable is  divided  (C).  To  ensure  that  this  table  will  fit 
on  one  page,  FIRDAT  limits  the  number  of  classes 
to  50.  In  our  example,  the  BI  could  range  from  0  to 
100,  so  the  routine  automatically  chose  a  step  size 
of  two  (D).  The  sequence  is  detailed  in  the  upper 
boundary  column. 

The  first  column  of  this  table  shows  class  (or  row) 
numbers.  The  first  row  of  the  table  (CLASS  NO.  1) 
gives  the  number  of  days  with  a  BI  of  zero.  (When 
it  is  raining,  zero  values  are  entered  in  the  fire  weather 
observation.)  In  this  example,  because  the  step  size 
is  2,  the  second  row  (or  CLASS  NO.  2)  includes  days 
that  had  burning  indexes  of  1  and  2  with  an  upper 
boundary  of  2  (E).  The  next  column  (F)  tells  how 
many  days  were  at  those  levels  of  the  BI.  The  relative 
frequency  column  (G)  indicates  that  the  12  days  in 
row  two  make  up  1.6  percent  of  the  total  number  of 
days. 

Many  agencies  use  the  cumulative  frequency  (H) 
as  the  basis  for  determining  their  adjective  levels  or 
manning  classes.  Cumulative  frequency  is  the  per- 
cent of  all  the  days  in  the  fire  season  that  had  as 
small  a  value  as  the  one  indicated  in  the  upper 
boundary  column.  In  row  two,  for  example,  9.2  per- 
cent of  the  731  days  in  the  fire  season  had  burning 
indexes  of  2  or  less.  Often,  fire  managers  determine 
their  manning  levels  at  two  specific  percentile  val- 
ues. You  can  specify  these  two  values  on  lead  card 
two.  FIRDAT  will  use  90th  and  97th  percentiles  (I) 
unless  you  enter  different  ones.  Our  example  indi- 
cates that  the  BI  has  a  value  of  29  (28.61,  rounded 
up),  or  less,  90  percent  of  the  time  in  the  fire  season. 
Similarly,  the  fire  manager  would  expect  the  BI  to 
be  below  35  (34.69,  rounded  up)  at  least  97  percent 
of  the  time.  On  the  other  3  percent  of  the  days,  the 
burning  index  will  exceed  35. 

Frequency  Distributions 
Graph 

The  points  on  the  frequency  distributions  graph 

(fig.  5)  are  the  cumulative  frequencies  listed  in  the 
last  column  of  the  frequency  distributions  table 
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(fig.  4).  This  graph  allows  you  to  find  the  cumulative 
percentage  of  days  in  your  fire  season  that  are  ex- 
ceeded by  any  value  of  the  chosen  variable.  In  our 
example,  the  vertical  line  at  the  50th  percentile  (A) 
intersects  the  frequency  distributions  graph  near 
the  BI  of  16.  Thus,  on  half  of  the  days  in  the  fire 
season  the  BI  will  be  approximately  16  or  less. 

Manning  Level  Table 

Frequency  distributions  are  often  used  to  deter- 
mine agency  manning  levels.  One  method  for  cal- 
culating the  upper  boundaries  for  six  manning  levels 
is  shown  in  table  l.1  We  used  our  frequency  dis- 
tributions table  (fig.  4,  I)  to  find  the  upper  bound- 
aries for  the  90th  and  97th  percentiles  of  the  BI. 
Then  we  divided  the  90th  percentile  value  (29)  ac- 
cording to  the  formulas  shown  to  obtain  the  upper 
boundaries  of  the  other  classes.  Remember  that  the 
lower  boundary  of  the  lowest  range  is  0,  but  the 
upper  boundary  of  the  extreme  range  is  limited  only 
by  the  index  or  component  selected. 

Observed  Weather  Elements 

FIREFAMILY  allows  you  to  request  a  printout  of 
observed  weather  elements  (fig.  6).  (Note:  choos- 
ing this  feature  will  suppress  all  other  FIREFAMILY 
features.)  The  column  headings  (A)  are  similar  to 
those  in  the  daily  list,  except  that  no  fire-danger 
rating  values  are  calculated  or  printed.  This  is  the 
only  FIREFAMILY  listing  that  shows  how  the  rel- 
ative humidity  was  measured  (B).  In  our  example, 
RH  indicates  that  relative  humidity  was  measured 
directly,  instead  of  being  estimated  from  a  wet-bulb 
or  a  dew  point  temperature.  This  printout  is  also  the 
only  one  that  shows  the  wind  direction  (C).  Data 
fields  that  were  not  measured  (D)  are  indicated  with 
a  "B." 

FIRDAT  Lead  Card  One 

The  information  that  the  fire  manager  provides 
on  the  lead  cards  is  vital  to  the  success  of  FIRE- 
FAMILY routines.  Every  time  FIREFAMILY  is  run, 
you  must  provide  lead  cards  one  and  two.  The  options 
you  choose  will  determine  the  results  obtained  as 
well  as  the  costs  of  running  the  program. 


Table  1. — An  example  of  a  6-level  manning  class 
table 

Upper  boundaries 
Manning  Burning  Calculation  ol 

class  Description  index  lormulas  manning  classes 


Extreme  36+  Above  the  97th  percentile  (100  +  ' 

Very  high  30-35  97th  percentile  (from  table)  35 

High  23-29  90th  percentile  (from  table)  29 

High  moderate  16-22  90th  percentile  1  33  =  21  75  22 

Lowmoderate       8-15  90th  percentile.  2  =  14.5  15 

Low                    0-7  90th  percentile  4  =  7  25  7 


NOTE:  The  lower  boundary  in  each  manning  class  is  one  more  than  the  upper  boundary 
of  the  next  lowest  class  Set  the  upper  boundary  of  the  extreme  class  high  enough  to 
accommodate  the  most  extreme  values  of  your  variable 


lSee  Appendix  E  of  the  AFFIRMS  manual  for  an 
example  of  a  10-manning  class  table. 


You  begin  coding  lead  card  one  (Appendix  la),  by 
placing  a  1  in  the  first  card  column.  Then  continue 
by  coding  with  the  administrative  owner's  name,  sta- 
tion name  and  number,  elevation  in  feet,  and  lati- 
tude. For  example,  KOOTENAI  NF;  LIBBY  MON- 
TANA; 240107;  2,070  feet;  and  49°  were  coded  in  card 
columns  2-46. 

Next,  you  must  specify  a  model-slope-herb-cli- 
mate combination.  Ordinarily  this  will  be  the  same 
combination  you  use  for  your  daily  weather  obser- 
vations. You  should  use  all  of  the  weather  data  avail- 
able to  you  at  the  National  Fire  Weather  Data  Li- 
brary. If  you  code  00  for  the  beginning  of  the  range 
of  years  and  99  for  the  ending  year  in  item  8,  you 
will  obtain  output  for  all  of  your  station's  historic 
weather  data. 

FIRDAT  allows  you  to  specify  the  beginning  and 
ending  months  and  days  of  your  fire  season  in  item 
9.  Your  fire  season  may  begin  in  the  fall  and  end  in 
the  spring  or  vice-versa.  Note:  You  may  skip  over 
periods  of  low  fire  danger  by  specifying  them  on  lead 
card  two,  item  6. 

From  now  on,  your  selections  on  lead  card  one 
become  crucial.  For  example,  if  you  choose  the  var- 
iable or  variables  your  agency  uses  for  planning, 
your  FIREFAMILY  run  will  be  more  helpful.  If  you 
choose  all  the  variables,  you  might  generate  excess 
paper.  You  may  choose  up  to  eight  variables  in  item 
10:  ignition  component,  spread  component,  energy 
release,  human-caused  fire  occurrence,  lightning  fire 
occurrence,  burning  index,  fire  load  index,  and/or 
fuel  moistures.  Code  a  "T"  (true)  in  the  appropriate 
column  for  each  variable  you  want  to  see.  Place  an 
"F"  (false)  in  the  columns  of  the  variables  you  don't 
want.  If  you  code  a  "T"  for  fuel  moistures,  you  will 
get  all  four:  1-hour,  10-hour,  100-hour,  and  1,000- 
hour. 
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Figure  6. — Observed  weather  elements. 


Next,  you  should  decide  if  you  wish  to  see  the 
daily  list  of  weather,  components,  and  indexes.  Place 
a  "T"  in  column  71  to  see  the  daily  list.  If  you  have 
already  seen  the  daily  list,  placing  an  "F"  in  column 
71  will  save  you  money.  Coding  an  "A"  will  be  ex- 
pensive, because  it  will  cause  the  routine  to  print 
daily  lists  for  all  of  the  model-slope-herb-climate 
combinations  that  you  select  on  lead  card  two. 

The  most  mportant  dollar-saving  feature  of  FI- 
REFAMILY  is  its  ability  to  skip  over  FIRDAT  when 
you  have  saved  your  passing  file  from  a  previous 
FIRDAT  run.  Code  "T"  in  column  72  to  skip  FIRDAT 
and  go  directly  to  SEASON  and/or  FIRINF  Placing 
an  "F"  in  column  72  will  cause  normal  FIRDAT  op- 
eration.  - 

Placing  a  "T"  in  column  73  activates  the  weather- 
only  feature  (observed  weather  elements — fig.  6) 
of  FIREFAMILY.  Always  place  an  "F"  in  column  73 
unless  you  want  only  the  raw  weather  data. 

Placing  a  "T"  in  column  74  will  cause  the  program 
to  create  a  passing  file  (the  file  that  passes  infor- 
mation to  SEASON  and  FIRINF).  Because  it  is  ex- 
pensive to  create  the  information  on  the  passing 
file,  you  should  save  this  file  for  later  use  with  FI- 
RINF and/or  SEASON. 

FIRDAT  Lead  Card  Two 

Lead  card  two  (Appendix  lb)  gives  you  other  FIR- 
DAT options.  You  can  provide  information  about  risk 
assessments,  dates  for  green-up  and  curing,  up  to 
four  combinations  of  model-slope-herb-climate,  and 
you  may  specify  a  split  fire  season.  If  you  are  going 
to  run  SEASON  and  FIRINF  together  with  FIRDAT, 
you  may  choose  one  index  or  component  to  determine 


your  manning  levels.  You  may  also  redefine  the  u 
per  boundaries  of  your  manning  percentiles  on  lei 
card  two. 

If  you  don't  know  your  lightning  risk  scaling  fa 
tor  (LRS),  use  the  value  01.00  in  columns  2-6  of  \ei 
card  two.  If  you  run  FIRDAT  again,  you  should  co 
suit  Deeming  et  al.  (1977,  Appendix  D)  to  revie 
guidelines  for  computing  the  lightning  risk  scalii 
factor.  (See  fig.  3,  B,  to  find  the  total  of  lightnii 
occurrence  indexes  in  our  example.) 

You  must  provide  estimates  on  lead  card  two  f 
weekday  and  weekend  human  risk.  The  weekd; 
(W)  and  weekend  (E)  values  may  range  from  0 
100  and  should  be  recorded  in  columns  7-9  and  1 
12. 

Next,  select  the  month  and  day  when  herbaceo 
plants  usually  start  to  green-up  at  your  station.  Co> 
the  month  in  card  columns  13-14  and  the  day  in  li 
16.  (Key  abbreviation  for  green-up  on  lead  card  t\ 
in  fig.  1  is  GU.)  Continue  by  specifying  the  earlie 
month  and  day  on  which  you  expect  fall  curing 
begin.  Herbaceous  plants  will  not  necessarily  die  i 
this  day;  instead  FIRDAT  begins  to  look  for  weath 
conditions  that  indicate  freezing.  If,  for  instance, 
hard  frost  occurs  with  a  minimum  temperature 
25°  or  less,  the  NFDRS  will  "cure"  the  herbaceo 
fuels  immediately.  If  no  hard  frost  occurs,  F1RD/ 
automatically  records  curing  and  dormancy  after  t 
fifth  day  with  a  minimum  temperature  of  less  th; 
33°.  If  minimum  temperatures  were  not  observed  f 
your  station,  the  date  you  specified  in  columns  1 
20  will  be  used  as  the  curing  date.  If  your  area  nev 
experiences  freezing,  enter  1232  in  columns  17-21 
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Because  of  diverse  fuel  types  and  topography,  you 
might  want  to  process  your  data  with  more  than  one 
combination  of  model,  slope,  herbaceous  class,  and 
climate.  If  so,  indicate  as  many  as  four  additional 
combinations  in  card  columns  21-36.  For  example,  if 
you  have  two  different  forest  types  near  your  weather 
station,  you  could  process  the  data  for  upland  hard- 
wood stands  (NFDRS  Model  E)  and,  with  the  same 
set  of  lead  cards,  process  the  conifer  types  (NFDRS 
Model  H).  If,  on  lead  card  two,  you  change  your  cli- 
mate class  or  herbaceous  code,  you  may  have  to  use 
a  new  lead  card  one  to  redefine  the  green-up  and 
curing  dates. 

Many  parts  of  the  country  have  a  two-part  fire 
season.  The  Southeast,  for  example,  has  a  fall  season 
of  October  and  November  and  a  spring  season  of 
February  to  April.  With  that  pattern,  running  cu- 
mulative frequencies  for  dates  of  October  to  April 
will  include  the  2  months  of  low  fire  occurrence  (De- 
cember-January), thereby  biasing  the  results.  To  avoid 
this  bias,  skip  the  low  risk  period  by  coding  its  be- 
ginning month  in  columns  37-38,  the  beginning  day 
in  columns  39-40,  the  ending  month  in  columns  41- 
42,  and  the  ending  day  in  columns  43-44.  If  you  do 
not  have  a  split  fire  season,  leave  these  columns  blank. 

The  first  time  you  use  FIREFAMILY,  you  should 
run  FIRDAT  by  itself,  saving  the  passing  file.  You 
can  then  analyze  the  FIRDAT  cumulative  frequency 
tables  to  find  the  index  values  necessary  to  calculate 
your  manning  classes.  If  you  want  to  include  SEA- 
SON and/or  FIRINF  in  the  first  run,  FIRDAT  pro- 
vides an  option  that  calculates  a  set  of  ranges  for 
one  index.  Choose  the  number  of  the  variable  (1-7) 
from  the  list  in  item  7  and  code  it  in  card  column  45 
(see  Appendix  lb).  This  code  will  cause  FIRDAT  to 
calculate  the  ranges  that  will  become  the  rows  and/ 
or  columns  for  your  SEASON  and  FIRINF  tables. 
However,  we  strongly  recommend  that  you  do 
not  attempt  to  run  SEASON  or  FIRINF  in  the 
first  run  with  FIRDAT. 

The  USDA  Forest  Service  uses  the  90th  and  97th 
percentiles  to  delineate  the  high  and  very  high  man- 
ning levels.  If  your  agency  uses  other  values,  you 
should  enter  them  in  columns  46-47  and  48-49  on 
lead  card  two. 

SEASON  ROUTINE 

The  severity  of  fire  weather  changes  during  the 
year.  The  SEASON  routine  summarizes  these  vari- 
ations and  reveals  seasonal  patterns  over  many  years 
to  help  fire  managers  plan.  SEASON  will  tabulate 
and/or  graph  the  values  of  any  of  the  fuel  moistures, 


indexes,  or  components  the  fire  manager  wishes  to 
analyze. 

SEASON  has  three  major  sections:  seasonal  ta- 
bles and  graphs,  monthly  persistence  probability 
tables,  and  the  cumulative  BI  seasonal  severity 
list  and  summary  table.  The  seasonal  tables  show 
the  average,  highest,  and  lowest  values  of  the  chosen 
variable  for  each  day  of  the  year.  Seasonal  graphs 
map  the  general  character  of  the  fire  season  shown 
in  the  seasonal  tables.  The  persistence  proba- 
bility tables  report  the  chance  that  tomorrow's  var- 
iable will  be  the  same  as  today's.  The  BI  seasonal 
severity  summary  table  ranks  the  fire  seasons  of 
each  year  according  to  their  difficulty,  based  on  the 
90th  percentile  of  the  burning  index.  Remember  that 
BI  severity  measures  only  the  effect  of  weather,  not 
fire  activity. 

Seasonal  Table 

The  seasonal  table  shows — for  each  variable  you 
select — the  mean,  maximum,  and  minimum  values 
for  the  averaging  period  as  well  as  the  number  of 
weather  observations  recorded  over  the  period  of  years 
indicated  at  the  top  of  the  table  (fig.  7).  All  the  ob- 
served data  are  included  in  the  seasonal  table,  not 
just  the  data  from  the  fire  season.  To  save  money 
and  paper,  choose  only  the  variable* s)  most  impor- 
tant for  planning. 

In  figure  7,  we  chose  the  BI.  We  also  selected  an 
averaging  period  of  5  days.  This  running  mean  is  an 
average  calculated  from  an  odd  number  of  consec- 
utive days,  centered  on  the  observation  date.  The 
longer  the  period  chosen  for  the  running  mean,  the 
smaller  the  day-to-day  changes  in  the  average  will 
be.  This  "smoothing"  of  the  daily  averages  will  make 
a  graph  of  this  information  easier  to  interpret. 
Smoothing  periods  of  3  to  7  days  are  usual. 

Graphing  Options 

SEASON  provides  the  option  for  graphing  the  tab- 
ulated information  in  figure  7.  If  you  ask  for  such  a 
graph  (Appendix  Ic,  card  column  10  =  T),  you  will 
get  one  page  of  printout  for  every  2  months  shown 
in  the  table.  You  will  also  receive  a  graph  legend 
that  explains  symbols  used,  years  included,  and  the 
scale  the  computer  selected  to  lay  out  the  graph. 

SEASON  can  also  graph  the  data  1  day  at  a  time, 
year  after  year.  This  feature  might  give  you  insight 
into  a  particularly  bad  year  or  show  how  drought 
affects  out-of-season  wildfires.  Be  careful,  how- 
ever, because  this  feature  can  generate  massive 
volumes  of  paper.  To  save  paper  and  money,  select 
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the  variable  or  variables  of  greatest  concern  (col- 
umns 3-9,  Appendix  Ic),  use  the  combination  of  model- 
slope-herb-climate  on  lead  card  one  only,  and  turn 
off  the  SEASON  tables  (column  11  =  F).  To  activate 
this  single  year  graph  feature,  code  column  14,  lead 
card  3,  with  a  "T." 

Fire  Manager's  Graph 

You  can  easily  hand  draw  a  graph  of  your  own 
data.  Figure  8  is  a  graph  of  the  seasonal  variations 
of  the  BI.  We  used  graph  paper  that  already  included 
a  year-by-day  legend  along  the  bottom.  To  find  the 
range  of  the  variable  which  we  were  plotting,  we 
consulted  our  frequency  distributions  table  (fig. 
4).  Because  the  BI  ranges  from  0  to  50,  we  used  that 
range  for  our  vertical  scale.  The  frequency  distri- 
butions table  also  gives  the  upper  boundaries  of  the 
90th  and  97th  percentiles.  We  used  these  values  as 
well  as  the  information  contained  in  table  1  to  draw 
five  horizontal  manning  class  lines.  Bold  A  (fig.  8) 
shows  that  we  drew  the  line  for  the  upper  boundary 
of  our  90th  percentile  at  a  BI  of  29  (28.61,  rounded 
up). 

Next,  we  transferred  the  daily  mean  values  from 
the  seasonal  table  (fig.  7)  to  the  graph  and  con- 
nected them  with  a  smooth  line.  (We  used  a  running 
mean  of  5  days  to  smooth  our  curve.)  This  curve 
shows  the  seasonal  variation  in  the  burning  index. 
Finally,  we  drew  vertical  lines  at  the  beginning  (B) 
and  end  (C)  of  our  fire  season. 

You  could  also  plot  your  daily  maximum  and  min- 
imum values  from  the  seasonal  table.  Once  you 
have  graphed  your  historical  weather  curve,  you  can 
use  this  graph  to  compare  your  current  daily  values 
with  the  averages.  Lay  a  clear  plastic  sheet  over  your 
historical  graph  and  plot  current  observed  values  on 
it. 

If  you  asked  for  the  computer  printed  graphs  of 
the  seasonal  tables,  you  could  draw  the  manning 
levels  and  the  seasonal  curve  on  them,  but  it  would 
be  difficult  to  overlay  a  plastic  sheet  on  such  a  large 
graph. 

Persistence  Probability  Table 

Persistence  measures  how  likely  something  is  to 
remain  the  same.  The  fraction  of  the  time  that  the 
weather  will  be  the  same  tomorrow  as  it  is  today  is 
tabulated  in  the  SEASON'S  persistence  probabil- 
ity table  (fig.  9).  The  higher  the  persistence,  the  less 
likely  the  weather  will  change.  SEASON  produces 
monthly  persistence  probability  tables  for  the 
chosen  variable. 


Information  at  the  top  of  the  table  indicates  the 
total  number  of  years,  the  month  for  which  data  are 
being  tabulated,  and  the  specific  years  included.  One 
page  of  output  will  be  produced  for  each  month  of 
data.  In  our  example,  the  burning  index  is  divided 
into  six  manning  classes  (table  1).  These  six  classes 
make  up  both  the  row  and  column  headings  in  each 
of  the  three  parts  of  figure  9.  Today's  BFs  are  found 
in  the  rows  (A)  and  tomorrow's  BI's  are  found  in  the 
columns  (B).  The  ranges  illustrated  in  the  persist- 
ence probability  table  were  computed  by  FIRDAT 
However,  you  can  select  them  by  coding  on  lead  card 
three  (see  Appendix  Ic,  item  9). 

The  persistence  probability  table  reports  the 
total  number  of  pairs  of  days  that  were  found  (C). 
(A  pair  occurs  whenever  there  are  weather  obser- 
vations on  2  consecutive  days.)  Out  of  a  possible  186 
pairs  (31  days  x  6  years),  175  pairs  were  found.  The 
greatest  number  of  pairs  occurred  when  the  BI  was 
in  the  16-22  class  1  day  and  continued  in  the  same 
class  through  the  next  day  38  times  (D). 

Figure  9  is  divided  into  three  parts.  The  top  third 
tells  how  many  times  each  pair  of  BI  's  (today's  and 
tomorrow's)  falls  within  each  of  the  manning  class 
ranges  (both  rows  and  columns).  In  our  example,  E 
shows  that  the  BI  was  in  the  extreme  range  2  days 
in  a  row  (both  today  and  tomorrow)  four  times  in  the 
6  years  under  study. 

The  middle  third  tells  what  percentage  of  the  time 
a  BI  today  was  followed  by  each  of  the  BI  ranges 
tomorrow.  The  bottom  row  of  the  middle  section  (F) 
shows  that  if  our  BI  is  36-50  today,  then  45  percent 
(45.45)  of  the  time  tomorrow's  BI  will  be  in  the  23- 
29  range.  The  chance  that  today  will  be  followed  by 
the  next  range  (30-35)  is  18  percent.  Finally,  the 
chance  that  the  BI  tomorrow  will  be  in  the  same 
range  as  it  is  today  is  36  percent.  The  fire  manager 
would  use  this  section  of  the  table  to  predict  the 
range  of  tomorrow's  burning  index  by  today's  BI.  The 
fire  manager  would  want  to  pay  particular  attention 
to  very  high  or  extreme  conditions.  As  the  previous 
example  showed,  if  the  BI  is  in  the  extreme  range 
today,  the  chances  are  about  one  in  three  (36  percent) 
that  tomorrow's  BI  will  also  be  in  the  extreme  range. 
These  historic  data  is  used  primarily  for  planning 
how  long  to  keep  firefighters  ready  to  handle  the 
worst  fires. 

The  bottom  third  of  the  figure  indicates  the  per- 
centage of  the  time  that  any  particular  combination 
of  today's  and  tomorrow's  values  occurs.  For  exam- 
ple, the  occurrence  of  extreme  days  following  one 
another  (G)  is  only  2.29  percent  of  the  time  in  Au- 
gust. This  means  that  the  fire  organization  should 
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Figure  8.— Fire  manager's  hand-drawn  seasonal  graph  of  the  til. 


plan  to  have  2  of  their  worst  days  back-to-back  about 
once  each  August  (2.29  percent  of  31  days  in  August 
=  0.71  days,  or  about  once  every  August). 

Note:  If  you  want  to  see  your  persistence  probability, 
don't  turn  on  the  single  year  graph  feature  in 
SEASON. 

BI  Seasonal  Severity 

The  seasonal  severity  routine  uses  the  burning 
index  to  rank  how  severe  the  fire  weather  was  each 
year.  Seasonal  severity  both  lists  those  days  that 
have  a  BI  exceeding  the  90th  percentile  and  sum- 
marizes the  data  by  months  and  ytar. 


BI  Seasonal  Severity  List 

The  BI  seasonal  severity  list  (fig.  10)  ranks  eaci: 
year  at  a  fire  weather  station  in  terms  of  the  burnin 
index.  The  ranking  takes  into  account  both  how  ofte 
and  by  how  much  each  day's  BI  exceeded  the  90t 
percentile  BI  level.  The  column  headings  (A)  identif 
the  dates  that  exceeded  the  90th  percentile  BI,  th 
BI  value  on  these  dates,  the  cumulative  departure; , 
and  finally,  the  number  of  days  in  that  year  that  th  i 
BI  exceeded  the  90th  percentile  BI.  The  progran 
shows  the  upper  boundary  of  the  90th  percentile  El 
(90%  =  29)  (B). 

We  see  that  the  first  day  in  1972  to  exceed  thnj 
90th  percentile  value  was  May  19.  The  differenci 
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Figure  9. — Persistence  probability  table. 


(31—29  =  2)  was  entered  in  the  cumulative  depar- 
ture column.  The  cumulative  departure  totals  the 
daily  departures  (Daily  departures  =  BI  today— BI 
^percentile)-  The  August  11  daily  departure  (31-29  = 
2)  was  added  to  the  previous  two  cumulative  depar- 
ture points  to  equal  four  cumulative  departure  points 
and  so  on. 

Our  example  also  shows  the  beginning  of  the  1973 
fire  season  (C)  where  we  note  7  days  in  a  row  ex- 
ceeding the  90th  percentile  BI.  Such  periods  would 
force  a  fire  suppression  group  to  respond  day  after 
day  at  its  maximum  strength. 


BI  Seasonal  Severity 
Summary  Table 

The  data  in  the  BI  seasonal  severity  list  are 
summarized  in  the  BI  seasonal  severity  summary 

table  (fig.  11).  The  months  (A)  are  listed  horizontally 
above  the  summarized  information.  The  cumulative 
departures  and  the  number  of  days  above  the  90th 
percentile  value  for  all  the  months  are  tabulated  (B). 
Both  the  total  departures  and  the  day  counts  (C) 
indicate  that  1973  was  about  14  times  more  severe 
than  average.  The  annual  ratings  for  1973  (D)  show 
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that  the  total  departures  were  3.963  times  greater 
than  the  average.  Similarly  the  ratings  day  (E)  shows 
that  there  were  3.649  more  days  above  the  90th  per- 
centile than  normally  occur.  The  product  of  the  BI 
and  day  columns  (F)  for  1973  is  14.461.  The  average 
annual  departure  and  number  of  days  are  reported 
at  (G).  Our  example  shows  that  in  these  6  years,  the 
average  BI  departure  was  72.7  and  the  average  num- 
ber of  days  above  the  90th  percentile  was  12.33.  Be- 
cause the  station  has  a  123-day  fire  season,  we  ex- 
pected about  10  percent  of  the  days  to  exceed  the 
90th  percentile  level. 

Remember  that  this  method  evaluates  the  weather 
of  each  year,  not  wildfire  activity. 

SEASON  Lead  Card  Three 

Appendix  Ic  describes  the  coding  necessary  for  the 
SEASON  routine.  Coding  a  3  in  card  column  1  (item 
1)  identifies  a  SEASON  lead  card.  SEASON  can  plot 
the  NFDRS  components  and  indexes  (item  3,  list  1), 
the  weather  elements  (item  3,  list  2),  or  the  living 
and  dead  fuel  moistures  (item  3,  list  3).  You  choose 
the  list  you  want  by  coding  the  number  1,  2,  or  3  in 
card  column  2.  Then  from  that  list  select  the  vari- 
ables that  you  want  tabulated  or  graphed.  You  must 
select  one  list  and  at  least  one  variable  or  SEASON 
will  not  function.  Leave  the  card  column  blank  for 
every  variable  you  don't  want  tabulated  or  graphed. 

You  may  select  seasonal  graphs,  tables,  or  both 
by  coding  a  "T"  or  "F"  in  columns  10  and  11  (items 
4  and  5).  The  averaging  period  for  graphs  and  tables 
(columns  12-13)  must  be  an  odd  number  between  01 
and  31  (item  6).  If  you  choose  1  day,  a  jagged  graph 
will  result.  Increasing  the  averaging  period  will 
"smooth"  the  graph  (see  fig.  8  for  an  example).  Use 
3,  5,  or  7  days  as  your  running  mean  for  a  "smoothed" 
graph. 

If  you  want  a  graph  of  individual  years,  code  "T" 
in  column  14  (item  7).  Because  this  feature  has  limited 
value,  you  will  usually  code  "F"  Note  well:  The  sin- 
gle year  graph  feature  automatically  turns  off  BI 
seasonal  severity  list  and  summary  table  and 
persistence  probability  tables.  It  may  also  create 
excessive  paper  and  expense  (see  Appendix  II,  item 
7). 

If  you  don't  wish  to  receive  a  persistence  prob- 
ability table,  enter  a  0  in  column  15,  item  8.  To  get 
a  persistence  probability  table,  however,  you  must 
choose  one  of  the  indexes  or  components  from  item 
3  that  you  coded  in  columns  3-9.  Code  the  number 
of  the  variable  in  column  15.  (In  our  example  in  fig. 
9,  we  had  coded  list  number  1  in  card  column  2  and 
coded  6  in  column  8,  so  we  could  again  code  6 — the 
burning  index — in  card  column  15.) 


You  will  usually  run  FIRDAT  first,  analyze  the 
data,  and  then  run  SEASON.  (SEASON  will  get  all 
its  weather  data  from  the  passing  file.)  As  part  of 
this  analysis,  you  will  find  the  90th  and  97th  per- 
centile values  of  your  variable  on  your  frequency 
distributions  table  (fig.  4,  I).  Item  9  tells  you  to 
code  your  upper  boundary  levels  in  columns  16-33 
on  lead  card  three.  In  our  example  (table  1),  we  would 
code  007  in  columns  16-18,  015  in  columns  19-21, 
and  so  on. 

You  can  force  FIRDAT  to  compute  the  upper 
boundaries  of  the  variable  chosen  in  item  8  by  run- 
ning FIRDAT  and  SEASON  at  the  same  time  and 
placing  the  number  of  the  variable  from  the  list  in 
item  3  into  column  45  on  lead  card  two.  The  computer 
will  then  automatically  calculate  the  upper  and  lower 
boundaries  and  you  need  not  fill  in  columns  16-33 
in  item  9  on  lead  card  three. 

You  may  have  the  BI  seasonal  severity  list  and 
summary  table  printed  by  placing  a  "T"  in  column 
34  (item  10).  If  this  SEASON  run  immediately  fol- 
lows a  FIRDAT  run,  SEASON  will  remember  the 
90th  percentile  value  of  the  BI,  so  leave  item  11 
blank.  However,  if  you  run  SEASON  independently 
with  the  passing  file,  then  you  must  specify  the  90th 
percentile  BI  in  columns  35-37. 

The  BI  seasonal  severity  summary  table  (fig. 
11)  can  be  produced  in  two  ways.  If  this  is  a  run  with 
FIRDAT,  you  should  leave  columns  38-47  blank.  The 
routine  will  calculate  the  average  departure  points 
and  number  of  days  and  print  them  (fig.  11,  G).  Later, 
you  may  wish  to  compare  the  BI  seasonal  severity 
with  different  average  values  for  the  departures  and 
number  of  days.  You  can  instruct  the  routine  to  use 
these  values  by  placing  them  in  card  columns  38-47. 
In  our  example,  the  columns  on  lead  card  three  were 
left  blank  and  the  computer  determined  the  average 
values. 

FIRINF  ROUTINE 

Although  SEASON  deals  with  only  one  NFDRS 
variable  at  a  time,  FIRINF  can  provide  information 
on  combinations  of  two  variables.  Many  agencies 
combine  two  variables  to  determine  their  adjective 
or  manning  classes.  For  example,  fire  managers  often 
combine  the  IC  (a  measure  of  fire  occurrence)  with 
the  BI  (a  measure  of  fire  intensity)  to  determine  these 
classes.  They  could  then  use  these  FIRINF  tables  for 
planning  detection  flights,  wildfire  prevention  activ- 
ities, industrial  closures,  and  specific  action  guides. 
Both  SEASON  and  FIRINF  get  their  data  from  the 
passing  file  produced  by  FIRDAT  The  FIRINF  rou- 
tine uses  only  the  first  3,600  days  of  historical  weather 
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data,  so  you  may  wish  to  decide  which  10  years  are 
most  important  to  you  and  code  them  on  a  new  lead 
card  one  (see  Appendix  la,  item  8). 

Adjective  Class  Matrix 

The  adjective  class  matrix  (fig.  12)  is  one  of  the 

most  frequently  used  fire  management  tools.  It  com- 
bines the  IC  with  the  agency's  manning  class  index 
or  component  to  help  provide  the  public  with  fire- 
danger  levels. 

Figure  12  demonstrates  how  the  BI  was  used  to 
provide  the  manning  levels.  The  values  FIREFAM- 
ILY  computed  for  you  or  that  you  entered  on  lead 
card  four  (Appendix  Id)  are  displayed  at  A  in  figure 
12.  The  first  pair  of  "x  values"  (B)  shown  (0-20)  de- 
fines the  boundaries  of  the  first  column.  Each  sub- 
sequent pair  defines  another  column.  The  adjective 
class  matrix  always  includes  the  same  five  ranges 
of  the  ignition  component.  The  first  "y  value"  pair 
(0-7)  defines  the  first  row  of  the  BI.  The  other  pairs 
define  the  remaining  rows. 

In  figure  12,  the  row  with  a  BI  of  23-25  shows  two 
"M's"  (moderate),  two  "H's"  (high),  and  a  "V"  (very 
high)  in  the  columns  from  left  to  right.  Other  sym- 
bols found  in  the  matrix  are  "L"  (low)  and  "E"  (ex- 
treme). A  summary  of  the  number  of  days  in  the 
data  base  and  the  number  of  days  actually  used  is 
shown  at  the  bottom  of  the  printout. 

This  table  provides  the  fire  manager  with  a  quick 
overview  of  how  the  IC  and  BI  together  affect  the 
adjective  class  levels.  For  clarity  we  have  outlined 
the  area  of  the  table  containing  the  very  high  and 
extreme  days  (C). 

Instead  of  the  adjective  class  matrix,  you  can 
obtain  the  precautions  class  matrix,  a  similar  ta- 
ble often  used  to  determine  forest  closures.  The  pre- 
cautions class  matrix  uses  a  different  range  of  col- 
umn headings  for  the  IC  and  allows  the  user  to  choose 
the  variable  (often  the  energy  release  component  or 
the  BI)  to  determine  the  manning  levels. 

FIRINF  also  provides  you  with  an  opportunity  to 
form  your  own  matrix  to  give  you  more  information 
than  that  offered  in  either  the  adjective  or  precau- 
tions class  matrices.  You  may  combine  any  two  of 
the  seven  variables  listed  on  lead  card  four  to  pro- 
duce the  user-defined  matrix.  You  may  have  to  use 
a  second  or  third  lead  card  four  for  this  purpose. 
Place  "F's"  in  columns  2  and  3.  Code  the  first  variable 
number  in  column  4  and  the  second  in  column  35 
and  specify  up  to  10  upper  boundaries  of  each  index 
or  component  in  the  provided  card  columns  (see  Ap- 
pendix Id). 


Adjective  Class  Calendar 

The  adjective  class  calendar  (fig.  13)  indicates 
the  adjective  levels  assigned  by  the  adjective  class 
matrix  to  each  day  for  which  you  have  historical 
weather  data.  Precautions  class  or  user-defined 
matrices  also  produce  a  similar  calendar. 

FIRINF  prints  out  the  date  (year — 72,  month — 
08,  day — 09)  (A).  A  dot  (.)  is  printed  above  the  first 
digit  of  the  year.  (Notice  that  the  dates  are  printed 
below  one  another  in  groups  of  seven,  indenting  one 
column  each  time.)  The  adjective  class  letter  (M — 
moderate)  for  the  first  date  is  printed  in  the  row 
labeled  M.  (A  row  is  provided  for  each  class — L,  M, 
H,  V,  E.)  You  can  easily  see  the  changes  in  adjective 
levels  on  a  daily  basis. 

Find  August  30,  1972  in  the  calendar  (B).  Using 
a  straight  edge,  draw  a  line  up  from  the  7  (the  first 
digit  of  the  year)  beyond  its  dot  through  the  letter 
H  (C).  Use  this  method  to  find  the  adjective  rating 
for  any  day  in  your  data  base.  In  general,  you  will 
look  at  your  calendar  for  repeated  very  high  (Vi  or 
extreme  (E)  days.  The  adjective  class  calendar 
graphically  illustrates  persistence  of  adjective  lev- 
els. In  the  precautions  class  and  user-defined 
matrices,  the  letters  A,  B,  C,  D,  E,  and  F  are  used 
to  show  class  categories.  "A"  is  the  lowest  level  of 
fire  danger. 

Probability  Analysis 

Once  you  have  asked  for  the  adjective  class  ma- 
trix, you  will  get  an  adjective  class  calendar  as 
well  as  monthly  and  annual  probability  analysis 
tables.  These  probability  analysis  tables  will  pro- 
vide you  with  some  of  the  detailed  information  nec- 
essary to  plan  your  fire  management  activities.  The 
tables  will  show  how  often  you  can  expect  values  of 
your  adjective  class  to  occur.  In  figure  14,  the  table 
rows  indicate  the  ranges  of  numerical  values  for  the 
BI  and  the  columns  indicate  the  ranges  of  the  ig- 
nition component. 

The  probability  analysis  table  is  divided  into 
three  parts.  The  top  third  (A)  tells  how  often  com- 
binations of  the  BI  and  the  IC  occurred.  Our  example 
shows  that  in  the  six  Augusts  for  which  we  have 
data,  there  were  17  days  when  the  BI  was  19-22  and 
the  IC  was  in  the  range  of  0-20.  On  21  other  days, 
when  the  BI  was  19-22  the  IC  was  in  the  range  of 
21-45. 

The  middle  of  the  table  (B)  tells  the  percent  of  the 
time  that  the  ignition  component  is  in  each  column, 
given  that  the  BI  is  in  a  particular  row.  For  example, 
in  the  BI  row  labeled  19-22  we  see  that  44.74  percent 
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Figure  12. — Adjective  class  matrix. 


of  the  time  the  ignition  component  was  in  the  range 
0-20  and  55.26  percent  of  the  time  the  ignition  com- 
ponent was  in  the  21-45  range. 

The  lower  third  of  the  table  (C)  tells  the  percent- 
age of  all  the  days  on  which  each  combination  of  the 
BI  and  IC  occurred.  Thus  in  our  example,  on  9.29 
percent  of  all  the  August  days,  the  BI  was  in  the 
range  of  19-22  and  the  ignition  component  had  a 
value  between  0-20.  Similarly,  on  11.48  percent  of 
the  days,  the  BI  was  between  19  and  22,  and  the 
ignition  component  ranged  from  21-45. 


Probability  analysis  tables  are  helpful  to  fire 
managers  using  historical  weather  data  for  planning 
and  budgeting.  On  figure  12  we  outlined  the  area  of 
the  table  containing  the  very  high  and  extreme  days. 
We  have  used  the  same  rows  and  columns  to  outline 
the  identical  portion  of  figure  14  (D).  Adding  all  of 
the  percentages  within  the  outlined  area,  we  find 
that  a  total  of  7.65  percent  of  the  186  August  days 
were  in  the  very  high  or  extreme  range  in  the  past 
(31  August  days  x  0.0765  =  2.37— or  more  than  2 
days  per  August).  Therefore,  the  fire  manager  would 
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Figure  13. — Adjective  class  calendar. 


budget  for  an  average  of  3  very  high  and/or  extreme 
days  in  August  each  year. 

In  addition  to  the  monthly  probability  analysis 
tables,  you  will  receive  a  yearly  probability  anal- 
ysis table  showing  the  same  kind  of  information,  on 
an  annual  basis. 

If  you  ask  for  a  precautions  class  or  user-de- 
fined matrix,  you  will  receive  probability  analysis 

tables  for  them  also.  You  can  analyze  them  in  the 
same  way  that  you  analyzed  the  probability  anal- 
ysis table  for  adjective  classes. 

FIRINF  Lead  Card  Four 

Two  examples  of  the  FIRINF  lead  card  are  shown 
at  the  bottom  of  the  FIREFAMILY  header  page  (fig. 
1.  D).  A  "4"  punched  in  card  column  1  (Appendix  Id, 
item  1)  identifies  each  FIRINF  card.  Item  2,  Appen- 
dix Id,  allows  the  user  to  select  or  reject  the  adjec- 
tive class  matrix  by  coding  a  "T"  (true)  or  an  "F" 
(false)  in  card  column  2.  If  you  run  FIRDAT  and 
FIRINF  at  the  same  time  and  you  code  a  "6"  in  card 
column  45  of  lead  card  two,  FIRDAT  will  then  com- 
pute the  upper  boundaries  of  your  BI.  Because  the 
computer  will  then  automatically  provide  the  ranges 
of  the  BI,  you  need  not  fill  in  the  rest  of  lead  card 
four.  When  requesting  the  adjective  class  matrix, 
you  must  code  an  "F"  in  column  3  of  lead  card  four. 
You  can  leave  card  column  4  blank  because  the  IC 
is  always  used  in  the  adjective  class  matrix.  Both 
columns  2  and  3  may  be  coded  false. 

Usually  you  will  be  running  FIRINF  with  a  pre- 
viously created  passing  file.  The  program  will  com- 


pute the  upper  boundaries  of  the  IC  for  you,  so  leave 
columns  4-34  blank.  But  you  must  code  the  number 
of  the  variable  you  want  combined  with  the  IC  into 
card  column  35.  Use  our  table  1  or  Appendix  E  of 
the  AFFIRMS  manual  to  find  a  method  to  determine 
up  to  10  upper  boundaries  of  your  chosen  variable. 
Enter  these  boundaries  in  card  columns  36-65. 

A  similar  table  to  the  adjective  class  matrix — 
the  precautions  class  matrix — can  be  selected  by 
coding  an  "F"  in  card  column  2  and  a  "T"  in  card 
column  3.  Just  as  for  the  adjective  class  matrix,  if 
you  are  running  FIRINF  with  FIRDAT  and  code 
number  3  (ERC)  in  card  column  45  of  lead  card  two, 
FIRDAT  will  provide  the  row  ranges,  so  you  can  leave 
the  rest  of  lead  card  four  blank.  If  you  have  run 
FIRDAT  previously,  however,  follow  the  coding  rou- 
tine suggested  for  the  adjective  class  matrix,  but 
use  the  ERC,  the  BI,  or  another  variable  for  the  rows. 

Instead  of  selecting  either  the  adjective  or  pre- 
cautions class  matrices,  you  can  construct  any  other 
table  by  combining  two  variables  from  the  list  in 
Appendix  Id,  item  4.  You  might  wish  to  construct 
your  own  table  because  your  agency  does  not  use  the 
same  method  for  determining  manning  levels  that 
has  been  provided  by  FIRINF,  or  you  may  wish  to 
choose  indexes  or  components  other  than  those  pro- 
vided by  FIRINF  Code  as  follows:  put  the  code  num- 
ber of  your  chosen  column  variable  in  card  column 
4  and  the  row  variable  in  column  35.  Constructing 
tables  this  way  requires  you  to  enter  up  to  10  of  the 
upper  boundaries  for  the  ranges  of  the  chosen  var- 
iables. These  numbers  will  appear  in  the  columns 
and  rows  on  the  table  you  are  constructing.  Enter 
upper  boundaries  for  the  first  variable  in  card  col- 
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Figure  14. — Probability  analysis  table. 


umns  5-34,  leaving  any  unused  columns  blank.  Choose 
up  to  10  upper  boundaries  for  the  second  variable 
and  code  these  numbers  in  columns  36-65  (item  7). 

CONCLUSION 

We  have  shown  how  your  historical  weather  data 
can  be  combined  with  the  NFDRS  to  produce  a  va- 
riety of  useful  planning  tools.  The  frequency  dis- 
tributions tables  indicate  the  highest  fire-danger 
levels  of  each  index  or  component.  The  SEASON 
printouts  show  when  to  expect  periods  of  sustained 


high  fire  danger.  Indexes  and  components  are  com- 
bined in  the  adjective  and  precautions  class  ma- 
trices to  provide  both  the  public  and  private  sectors 
with  estimates  of  potential  fire  danger. 

Now  that  you  have  seen  what  FIREFAMILY  can 
do  for  you,  your  next  step  is  to  determine  what  your 
needs  are  and  submit  the  appropriate  lead  cards  to 
your  computer  specialist.  (You  can  photocopy  the  lead 
cards  in  Appendix  I  to  make  coding  simpler.)  The 
specialist  will  then  combine  your  lead  cards  with  the 
Fort  Collins  job-control  cards  shown  in  Appendix  III. 
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APPENDIX  I.— LEAD  CARD  FORMATS 


Two  kinds  of  computer  instructions  are  required 
to  operate  FIREFAMILY — program  lead  cards  and 
job  control  cards. 

Program  lead  cards  are  discussed  thoroughly  in 
this  publication.  Below  we  summarize  general  in- 
formation about  the  program  lead  cards  and  suggest 
general  rules  for  submitting  the  cards  to  the  com- 
puter. Appendix  II  illustrates  the  number  of  pages 
likely  to  be  produced.  Appendix  III  shows  the  job- 
control  cards  needed  to  execute  FIREFAMILY  at  Fort 
Collins  and  the  format  of  the  passing  file.  We  have 
included  this  information  in  the  Appendices  for  easy 
reference  by  your  computer  specialist. 

There  are  four  types  of  program  lead  cards:  lead 
cards  one  and  two  control  FIRDAT,  three  controls 
SEASON,  and  four  controls  FIRINF  The  identifi- 
cation number,  always  coded  in  column  1  of  each 
card,  determines  how  the  program  interprets  the 
contents  of  that  card.  The  cards  must  be  properly 
formatted  and  submitted  to  the  computer  in  the  cor- 
rect order.  General  rules  are: 


1.  The  lead  cards  must  be  entered  from  low  card 
number  to  high  for  the  same  weather  station. 

2.  More  than  one  station  may  be  in  the  same  run. 
(Include  a  card  one  for  each  station.) 

3.  Order  the  card  "ones"  from  lowest  station  num- 
ber to  highest. 

4.  Lead  cards  three  and  four  do  not  have  to  be 
present  in  a  run. 

5.  The  first  card  in  an  entire  group  must  be  a  card 
one. 

6.  The  second  card  in  an  entire  group  must  be  a 
card  two. 

7.  Once  a  card  two,  three,  or  four  is  entered,  its 
instructions  will  remain  in  effect  until  altered  by 
another  card  of  the  same  type. 

8.  Cards  three  and  four  can  exist  in  multiples  of 
three  cards  each  for  the  same  station. 
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A.— FIRDAT  Control— Lead  Card  One 


ITEM  DESCRIPTION  AND  CARD  COLUMN(S) 

1  Card  number  1 1 1 

2  Administrative  owner's  name  (2-13) 

3  Station  name  (14-33) 


4  Station  number  (34-39) 

5  Station  elevation  in  feet  (right  justify)  (40-44) 

6  Station  latitude,  nearest  degree  (45-46) 

7  NFDRS  model-slope-herb-climate  class  combination.  (Lead  card  two  allows  you  to 
specify  four  additional  combinations.) 

Model:  A  through  U  but  not  M  (47) 

Slope:  1  through  5  (48) 

Herbaceous:  A  or  P  only,  annual  or  perennial  (49) 

Climate  class:  1  through  4  (50) 

8  Range  of  years:  First  year  (51-52) 

Last  year  (53-54) 

(Enter  0099  to  get  all  available  data) 

9  Fire  season:  Beginning  month  (55-56) 

Beginning  day  (57-58) 

Ending  month  (59-60)  _ 

Ending  day  (61-62) 


(Enter  0101  and  1231  to  include  entire  year.  Lead  card  two  allows  you  to  skip  a 

period  of  few  fires.) 
10  Select  the  indexes,  components,  and/or  fuel  moistures  for  which  frequency 

distributions  tables  and  graphs  are  desired.  Code  a  "T"  for  those  you  want,  an 

"F"  for  those  you  don't  want. 
Variable 

Ignition  component  (63) 

Spread  component  (64) 

Energy  release  component  (65) 

Human-caused  fire  occurrence  index  (66) 

Lightning-caused  fire  occurrence  index  (67) 

Burning  index  (68) 

Fire  load  index  (69) 

Fuel  moistures  (You  will  get  all  four  dead  FM's: 

the  1-hr,  10-hr,  100-hr,  and  1,000-hr.)  (70)  _ 


11  "T"  produces  a  daily  list  of  the  weather,  indexes,  and  components.  The  program 
resets  this  item  to  "F"  after  the  first  model-slope-herb-climate  combination  has  been 
processed.  If  you  plan  to  choose  more  than  one  combination  on  lead  card  two  (item 
5),  and  you  want  to  see  the  daily  list  for  each  combination,  code  "A".  Coding  an  "F" 
will  suppress  the  printing  of  all  daily  lists.  (71) 

12  "T"  indicates  that  you  already  have  a  FIRDAT-created  passing  file.  The  routine 
will  bypass  FIRDAT  and  go  directly  to  SEASON  and/or  FIRINF  (72)  _ 

13  "T"  causes  FIRDAT  to  list  only  the  observed  weather  elements.  No  indexes  or 
components  will  be  printed.  (73) 

14  "T"  causes  FIRDAT  to  create  a  passing  file  for  use  with  SEASON  and/or 
FIRINF.  (74) 
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B.— FIRDAT  Control— Lead  Card  Two 


ITEM  DESCRIPTION  AND  CARD  COLUMN! S) 

1  Card  number  ..  (1) 


2  Lightning  risk  scaling  (LRS)  factor.  (See  Deeming  et  al.  1977,  Appendix  D).  For  the 

first  run,  enter  01.00,  and  include  the  decimal  point.  On  later  runs  you  should 
adjust  your  LRS  as  indicated  in  INT-39.  (2-6) 


3  Human-caused  risk  scaling  factors.  Columns  7-9  contain  the  average  weekday  risk. 

(7-9) 

Columns  10-12  contain  the  average  weekend  risk.  (10-12) 

4a  The  month  and  day  when  green-up  normally  begins.        (13-16)  _ 

4b  The  month  and  day  of  the  first  killing  frost.  ( 17-20) 


5  Up  to  four  more  model-slope-herb-climate  combinations  may  be  entered  here  (see 

Appendix  la,  item  7).  (21-24) 

(25-28) 

(29-32) 

(33-36) 

If  your  station  has  a  split  fire  season,  you  may 
enter  the  low  risk  period  here. 

Beginning  month  and  day  (37-40) 

Ending  month  and  day  (41-44) 


You  may  select  one  variable  from  the  following  list  and  use  its  code  number  to  have 

SEASON  and  FIRINF  construct  a  variety  of  tables. 

Leave  blank  if  you  are  not  using  SEASON  and/or  FIRINF  on  this  run. 


Code 

Variable 

1 

IC 

2 

sc 

3 

ERC 

4 

HCOI 

5 

LOI 

6 

BI 

7 

FLI 

(45) 


Your  agency's  planning  methods  may  vary  from  those  used  by  the  USDA  Forest 
Service.  This  program  will  print  (and  use)  the  90th  and  97th  percentile  levels  of  the 
index  or  component  chosen  in  card  column  45  if  you  leave  these  columns  blank.  If 
you  code  8095,  however,  the  program  will  use  the  80th  and  95th  percentile  levels. 

(46-49) 
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C— SEASON  Control— Lead  Card  Three 


ITEM  DESCRIPTION  AND  CARD  COLUMN(S) 

1  Card  number  (1)  _ 

2  SEASON  will  graph  and/or  tabulate  variables  from  one  of  the  following  lists:  1  = 
NFDRS,  2  =  weather  elements,  3  =  fuel  moistures.  Choose  one  list  and  code  it  in 
card  column  2.  (2)  _ 

3  From  the  list  chosen  in  item  2,  select  any  or  all  .f  the  variables: 


(3) 

(4) 
(5) 
(6) 
(7) 
(8) 
(9) 


ode 

List  1 

NFDRS 

1 

IC 

2 

sc 

3 

ERC 

4 

HCOI 

5 

LOI 

6 

BI 

7 

FLI 

List  2 

List  3 

Weather  Elements 

Fuel  Moistures 

Temp 

1-hour 

RH 

10-hour 

Wind 

100-hour 

Prec.  dur. 

1,000-hour 

Prec.  amt. 

Woody 

LAL 

Herb 

If  you  wish  to  see  the  variable  tabulated  or  graphed,  code  its  number  in  the  correct 
column;  otherwise,  leave  the  column  blank. 

4  Seasonal  graphs?  "T"  =  yes,  "F"  =  no.  ( 10)  _ 

5  Seasonal  tables?  "T"  =  yes,  "F"  =  no.  (11)  _ 

6  Averaging  periods  for  tables  and  graphs.  Code  with  an  odd  number, 
01-31  only.  (12-13) 


Graph  individual  years?  "T"  =  yes,  "F"  =  no.  Remember  that  this  single  year 
graph  feature  may  produce  many  pages  of  printout.  It  also  turns  off  the  persistence 
probability  tables  and  the  BI  seasonal  severity  list  and  summary  table.       ( 14 ) 


Persistence  probability  variable.  Use  one  variable  code  from  the  list  you  chose  in  item 

3.  Code  0  if  you  do  not  wish  to  receive  the  persistence  probability  table.     (15) 

Select  up  to  six  upper  boundaries  for  your  persistence  probability  variable.  (FIRDAT 
will  do  this  for  you  if  you  place  a  variable  code  in  column  45  of  lead  card  two.)  The 

boundaries  are  entered  in  ascending  order,  right  justified.  (16-18) 

(19-21) 

(22-24) 

25-27) 

(28-30) 

(31-33) 


10  BI  seasonal  severity  list  and  summary  table?  "T"  =  yes,  "F"  =  no.  (34) 

11  Enter  the  90th  percentile  BI  value  here.  Leave  blank  if  you  are  combining  SEASON 
with  a  FIRDAT  run.  (Round  off  BI  value,  no  decimal  point,  right  justify.)  (35-37) 

12  If  you  want  to  compare  BI  seasonal  severity  with  different  average  values  for  the 
departures  and  number  of  days,  enter  the  average  yearly  departure,  including  the 
decimal  point,  in  columns  38-42,  and  (38-42) 


enter  the  average  yearly  number  of  days  over  the  percentile  in  columns  43-47.  Leave 
columns  38-47  blank  unless  you  want  this  feature.     (43-47) 


Note:  You  may  have  up  to  three  SEASON  cards  in  each  run.  To  turn  off  SEASON,  code  a  "3"  in 
card  column  1  and  leave  the  rest  of  the  card  blank. 
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D.— FIRINF  Control— Lead  Card  Four 


ITEM  DESCRIPTION  AND  CARD  COLUMN(S) 

1  Card  number  ,  (1) . 

2  Adjective  class  matrix?  "T"  =  yes,  "F"  =  no.  If  "T"  is  coded  in  column  2,  "F" 
must  be  coded  in  column  3.  (Both  columns  2  and  3  may  be  false.)  (2) . 

3  Precautions  class  matrix?  (See  above.)  (3) . 

4  Variable  to  be  used  for  the  table  columns.  Choose  from  the  following  list: 

Code  Variable 

1  =IC 

2  =SC 

3  =ERC 

4  =  HCOI 

5  =LOI 

6  =BI 

7  =FLI  (4). 

5  Code  up  to  10  upper  boundary  values  for  the  table  columns. 
(5-7) (20-22) 

(8-10) (23-25) 

(11-13) (26-28) 

(14-16) (29-31) 

(17-19) (32-34) 

6  Choose  another  variable  from  the  list  in  item  4  for  the  table  rows.  (35) . 

7  Code  up  to  10  upper  boundary  values  for  the  rows. 

(36-38) (51-53) 

(39-41) (54-56) 

(42-44) (57-59) 

(45-47) (60-62) 

(48-50) (63-65) 


Note:  This  card  may  be  repeated  up  to  three  times.  Turn  FIRINF  off  by  coding  card  columns  2 
and  3  false  and  leaving  the  rest  of  the  card  blank. 
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APPENDIX  II.— OUTPUT 
PAGE  ESTIMATOR 


FEATURES 

PAGES 

TOTAL  PAGES- 

1) Header  page 

1  page  per 
combination 

5 

2)  Daily  list  (if  T) 

Total  days/50 

60 

(if  A) 

Total  days  x 
combinations'53 

300 

3)  Annual  summary 

Years  x 
combinations 

100 

4)  Cumulative  frequency 

2  pages x 
combinations 
xfrequencies 
selected 

110 

5)  SEASON  graph 

4  pages x 
combinationsx 
variables  selected 
x  SEASON  cards 

420 

6)  SEASON  tables 

3  pages x 
combinationsx 
variables  selected 
x  SEASON  cards 

315 

7)  Single  year  graph  feature 

Multiply  item  5  or 

8,400(5) 

item  6  x  years 

6,300(6) 

8)  Persistence  probability 

6  pages x 
combinationsx 
SEASON  cards 

90 

9)  Bl  seasonal  severity 

5  pages x 
combinations 

45 

10)  FIRINF 

22  pages x 
combinationsx 
FIRINF  cards 

330 

*With  five  combinations,  20  years  (3,000  days), 
and  everything  turned  on  (three  SEASON  and  three 
FIRINF  cards),  the  output  would  be  15,545  pages. 

Note:  When  the  single  year  graph  feature  is  on, 
FIREFAMILY  produces  a  great  deal  of  paper  even 
though  it  turns  off  everything  else  in  SEASON. 


APPENDIX  III.— JOB 

RUNSTREAMS  AND 

PASSING  FILE  FORMAT 

The  Fort  Collins  Computer  Center,  home  of  FI- 
REFAMILY, is  equipped  with  a  UNIVAC  1100  series 
computer  and  the  EXEC  9  operating  system.  Changes 
in  FCCC  equipment  or  systems  may  make  the  fol- 
lowing examples  and  job  instructions  obsolete. 

The  first  part  of  Appendix  III  will  help  your  com- 
puter specialist  set  up  the  job-control  language  needed 
to  execute  FIREFAMILY  at  FCCC. 

We  have  included  two  typical  runstreams.  The  first 
shows  how  to  access  the  National  Fire  Weather  Data 
Library  (see  Furman  and  Brink  1975)  to  obtain  his- 
torical weather  records,  execute  the  FIREFAMILY 
program,  and  catalog  the  passing  file.  Our  second 
example  shows  how  to  use  a  previously  created  pass- 
ing file  as  input  to  the  FIREFAMILY  routines  SEA- 
SON and  FIRINF. 


Appendix  Illb  shows  the  format  of  the  passing 


file. 
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A.— Running  FIREFAMILY  Using  Historical  Weather  Data 


@RUN,P/B  YOUR  ID, ACCOUNT  NUMBER, QUALIFIER, TIME '3PAGES 

@SYM  PRINT$.,, PR  .  (Send  the  output  to  a  high-speed  printer.) 

@ASG,A  FIREDATALIB*PROGRAMS. 

@ASG,A  FIREDATALIB*2I-24.  .  (Get  the  fire  weather  tape.) 

@ASG,UP  YOUR-DATA.    .    (Unconditionally  catalog  the  weather  holding  file.) 

(3USE  2.  ,FIREDATALIB*2I-24. 

@USE  lb., YOUR-DATA. 

@XQT  FIREDATALIB*PR0GRAMS.GETDATA2  .  (Get  the  required  weather  data.) 

24010700     24010799 
@E0F 

@ASG,UP  PASS.  .    (Unconditionally  catalog  the  passing  file.) 
@USE  7 . ,YOUR-DATA.    .      (Use  the  data  just  obtained  from  the  NFWDL. ) 
@USE  9., PASS. 
@USER*JOB.IDENT  MAIL  TO  3FIREMANAGER  3 SOMEPLACE  M03 87603 

(Use  for  Fort  Collins     printing. ) 
(3HDG,N  X.M,66,0,0  .  (Turn  off  normal  page  control.) 
@XQT  NFDR78*FIREFAMILY.FIRDAT1  .  (Execute  the  program.) 

1K00TENAI  NF  LIBBY  MONTANA  240107   207049C2A2009905090909TTTTTTTTTFFT 

2   1.00  12   1206010910  69097 

311234567TT01F6 
4TF 

@SAVE  QUALIFIER*PI\SS.  ,810301      .    (Save  the  passing  file  until     March  13    1981.) 
MY  FIRDAT  PASSING  FILE'S  NAME 

(The  qualifier  must  be  explicitly  specified  and  the  above  file  description 
line  must  be  included.  ) 
(3FIN 


RUNNING  FIREFAMILY  USING  A  PREVIOUSLY  CREATED  PASSING  FILE 

@RUN, P/B  YOUR  ID 3  ACCOUNT  NUMBER,  QUALIFIER,  TIME '3  PAGES 

@SYM  PRINTS.,, PR  •  (Send  the  output  to  a  high-speed  printer.) 

@ASG,A  QUALIFIER*? 'ASS.  .  (Assign  the  previously  created  passing  file  to  this  run.) 

@USE  9., QUALIFIER*? I\SS. 

@USER*JOB.IDENT  MAIL  TO  3FIREMANAGER  .SOMEPLACE  M03  87603 

(Use  for  Fort  Collins  printing. ) 
@HDG,N  X.M,66,0,0  .  (Turn  off  normal  page  control.) 
@XQT  NFDR78*FIREFAMILY.FIRDAT1  .  (Execute  the  program.) 
1K00TENAI  NF  LIBBY  MONTANA  240107   207049C2A20099050909FFFFFFFFFTFF 

2   1.00   12   1205010910  69097 

311234567TT01F3 
4FT 
@FIN 

(Parenthetical  expressions  explain  each  job-control  card. ) 
UPPER  CASE  ITALICS   indicate  where  coding  will  differ  from  run  to  run. 
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B.— Running  FIREFAMILY 

Using  a  Previously  Created 

Passing  File 

The  passing  file,  a  product  of  FIRDAT,  is  used  to 
transfer  weather,  fuel  moistures,  and  NFDRS  com- 
ponents and  indexes  from  FIRDAT  to  SEASON  and/ 
or  FIRINF  If  retained  after  the  FIRDAT  run,  this 
computer  readable  file  can  be  reused  as  input  to 
SEASON  and/or  FIRINF  It  may  also  be  used  as  in- 
put to  future  analysis  programs. 

The  passing  file  contains  three  kinds  of  records: 
a  flag  indicating  a  change  of  station  or  change  of 
station  parameters,  a  header  reporting  the  station 
parameters,  and  the  daily  data  values. 


RECORD  ONE,  Flag: 
Item 

Flag:  999999999999 
RECORD  TWO,  Header: 

Item 

Administrative  owner 

Station  name 

Station  number 

Elevation 

Latitude 

Fuel  model 

Slope  class 

Herbaceous  type 

Climate  class 

Julian  green-up  date 

Run  date 

Julian  first  freeze 

Beginning  and  ending  years 

2A-N  =  Alpha-numeric; 


FORMATS 


Columns 

1-12 


Type2 

N 


Columns 

Type 

1-12 

A-N 

13-32 

A-N 

33-38 

N 

39-43 

N 

44-45 

N 

46 

A 

47 

N 

48 

A 

49 

N 

50-52 

N 

53-64 

A-N 

65-67 

N 

68-71 

N 

RECORD  THREE,  Daily  Data: 

Item  Columns 

Station  number  1-6 

Date  7-12 

Julian  date  13-15 

Processing  option  16 

State  of  weather  17 

Temperature  18-20 

Relative  humidity  21-23 

Wind  direction  24 

Wind  speed  25-27 

Max  temperature  28-30 

Min  temperature  31-33 

Max  relative  humidity  34-36 

Min  relative  humidity  37-39 

Precipitation  duration  40-41 

Precipitation  amount  42-45 

Lightning  activity  level  46 

Human-caused  risk  47-49 

1  -hour fuel  moisture  50-52 

1 0-hour  fuel  moisture  53-55 

100-hour  fuel  moisture  56-58 

1.000-hourfuel  59-61 

moisture 

Woody  moisture  62-64 

Herbaceous  moisture  65-67 

Blank  68-69 

Ignition  component  70-72 

Spread  component  73-75 
Energy  release 

component  76-78 
Human-caused  fire 

occurrence  index  79-81 
Lightning-caused  fire 

occurrence  index  82-84 

Burning  index  85-87 

Fire  load  index  88-90 


Type 

N 

N  (year-month-day) 

N 

N 

N 

N 

N 

N  (8  point  compass) 

N 

N 

N 

N 

N 

N  (hours) 

N  (10.94  written  as 

1094) 
N 
N 
N  (14.5  written  as 

145) 
N  (14.5  written  as 

145) 
N  (14.5  written  as 

145) 
N  (14.5  written  as 

145) 
N 
N 
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APPENDIX  IV.— 

ABBREVIATIONS  AND 

GLOSSARY 


Abbreviations 


Bl 

— Burning  index. 

ERC 

— Energy  release  component 

FLI 

—Fire  load  index. 

HCOI 

—Human-caused  fire  occurrence 

index. 

HCR 

—Human-caused  risk. 

IC 

— Ignition  component. 

LAL 

— Lightning  activity  level. 

LOI 

—Lightning  fire  occurrence  index. 

LRS 

— Lightning  risk  scaling  factor. 

NFDRS 

—National  Fire-Danger  Rating 

System. 

SC 

— Spread  component. 

TL 

— Timelag. 

1-hrTLFM 

— 1-hour timelag  fuel  moisture 

content. 

10-hrTLFM 

— 10-hourtimelag  fuel  moisture 

content. 

1 00-hr  TLFM 

— 100-hour  timelag  fuel  moisture 

content. 

1, 000-hr  TLFM 

— 1 ,000-hourtimelag  fuel  moisture 

content. 

Glossary 


Adjective  class  matrix — The  table  that  combines 
the  manning  classes  (usually  based  on  the  BI)  with 
the  IC  to  specify  the  standard  levels  of  fire  danger 
for  public  information. 

Burning  index  (BI).— An  NFDRS  value  related  to 
the  contribution  of  fire  behavior  to  the  effort  of 
containing  a  fire.  The  BI  measures  fire  intensity 
(BI  -  10  x  flame  length). 

Components  of  the  NFDRS. — Components  in- 
clude ignition,  spread,  and  energy  release. 

Cumulative  departure. — The  sum  of  the  daily  de- 
partures (usually  for  a  year). 

Cumulative  frequency. — The  sum  of  all  of  the  fre- 
quencies up  to  and  including  this  one. 

Daily  departure. — The  numerical  difference  be- 
tween the  daily  value  of  the  variable  and  the  90th 
percentile  value  of  that  variable  when  the  daily 
value  is  greater  than  the  90th  percentile  value. 

Energy  release  component  (ERC). — A  number 
related  to  the  available  energy  (Btu)  per  unit  area 
(square  foot)  within  the  flaming  front  at  the  head 
of  a  fire. 


FIRDAT  —  A  routine  of  FIREFAMILY  that  com- 
bines historical  weather  records  with  the  equa- 
tions of  the  NFDRS  to  produce  frequency  distri- 
butions of  the  NFDRS  indexes  and  components. 

Fire-danger  rating  area. — A  geographical  area 
within  which  the  fire  danger  can  be  assumed  to 
be  uniform.  It  is  relatively  homogeneous  in  cli- 
mate, fuels,  and  topography. 

FIREFAMILY. — A  computer  program  that  uses 
historical  weather  data  for  fire  planning.  Its  three 
major  routines  are  FIRDAT,  SEASON,  and  FI- 
RINF. 

Fire  load  index  (FLI). — A  rating  of  the  maximum 
effort  required  to  contain  all  probable  fires  occur- 
ring within  a  rating  area  during  the  rating  period. 

Fire  season. — A  period  during  which  weather  and 
fuels  are  conducive  to  wildfires.  (Also,  see  split 
fire  season. ) 

FIRINF  —  A  routine  of  FIREFAMILY  that  uses  data 
from  FIRDAT  to  create  tables  of  combinations  of 
two  NFDRS  indexes  and  components. 

Frequency  (also  relative  frequency). — Propor- 
tion of  occurrences  of  a  value  at  a  particular  nu- 
merical level  compared  with  all  occurrences. 

Fuel  model. — A  simulated  fuel  complex  for  which 
all  the  fuel  descriptors  required  by  the  mathe- 
matical fire  spread  model  have  been  specified. 

Fuel  moisture  content  (also  fuel  moisture)  (FM). — 
The  water  content  of  a  fuel  particle  expressed  as 
a  percent  of  the  ovendry  weight  of  the  fuel  par- 
ticle. The  six  NFDRS  fuel  moistures  are  woody, 
herbaceous,  1-hour,  10-hour,  100  hour,  and  1,000- 
hour. 

Header  page. — The  first  page  of  output,  which  re- 
peats the  user-supplied  lead  card  information. 

Herb. — A  plant  that  does  not  develop  woody,  per- 
sistent tissue  but  is  relatively  soft  or  succulent 
and  sprouts  from  the  base  (perennials)  or  develops 
from  seed  (annuals)  each  year.  Included  are  grasses, 
forbs,  and  ferns. 

Herbaceous  fuels. — Undecomposed  material,  liv- 
ing or  dead,  derived  from  herbaceous  plants. 

Human-caused  fire  occurrence  index  (HCOI). — 
A  rating  value  formed  by  combining  HCR  with 
today's  IC.  It  is  related  to  the  expected  number  of 
reported  wildfires  in  the  rating  area. 

Human-caused  risk  (HCR). — A  number  related  to 
the  expected  number  of  human-produced  fire- 
brands capable  of  starting  fires  that  a  rating  area 
will  be  exposed  to  during  the  rating  period. 
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Human-caused  risk  scaling  factor  (HCRSF).— 

A  number  relating  human-caused  fire  incidence 
to  the  IC  on  a  rating  area.  The  factor  is  a  statistic 
based  on  3  to  5  years  of  fire  occurrence  and  fire 
weather  data  that  adjusts  the  prediction  of  the 
basic  human-caused  fire  occurrence  model  to  fit 
local  experience. 

Ignition  component  (IC). — The  rating  of  the  prob- 
ability that  a  firebrand  will  cause  a  wildfire  re- 
quiring suppression  action. 

Indexes  of  the  NFDRS.  —  Human-caused  fire  oc- 
currence, lightning-caused  fire  occurrence,  burn- 
ing, and  fire  load. 

Lead  card. — The  user-supplied  part  of  the  job  run- 
stream  which  provides  information  and  chooses 
options  for  the  FIREFAMILY  program. 

Lightning  activity  level  (LAL). — A  numerical  rat- 
ing of  1  to  6,  keyed  to  the  start  of  thunderstorms 
and  the  frequency  and  character  of  cloud-to-ground 
lightning,  forecast  or  observed  on  a  rating  area 
during  the  rating  period. 

Lightning  fire  occurrence  index  (LOI). — A  nu- 
merical rating  of  the  potential  occurrence  of  light- 
ning-caused fires. 

Lightning  risk  (LR). — A  number  related  to  the  ex- 
pected number  of  cloud-to-ground  lightning  dis- 
charges capable  of  starting  fires  that  a  rating  area 
will  be  exposed  to  during  the  rating  period. 

Lightning  risk  scaling  factor  (LRS). — A  factor 
derived  from  local  thunderstorm  and  lightning- 
caused  fire  records  that  adjusts  the  predictions  of 
the  basic  lightning  fire  occurrence  model  to  local 
experience.  It  accounts  for  factors  not  addressed 
directly  by  the  model  such  as  susceptibility  of  local 
fuels  to  ignition  by  lightning,  fuel  continuity,  to- 


pography, and  regional  characteristics  of  thun- 
derstorms. 

Manning  classes  (also  manning  levels). — The 
minimum  strength  of  forces  which  an  agency  plans 
to  activate  at  each  level  of  fire  danger. 

Matrix. — As  used  in  this  paper,  another  word  for 
table. 

Passing  file.— A  product  of  FIREFAMILY  that  saves 
FIRDAT  data  for  later  use  with  SEASON  and/or 
FIRINF 

Persistence  probability. — As  used  in  this  paper, 
the  fraction  of  the  time  that  weather  will  remain 
the  same  2  days  in  a  row. 

Precautions  class  matrix. — A  table  (used  princi- 
pally in  the  USDA  Forest  Service  Region  6,  the 
Pacific  Northwest)  that  uses  the  ERC  or  the  BI 
with  the  IC.  One  use  of  the  precautions  class  ma- 
trix is  to  regulate  industrial  forest  usage. 

Relative  frequency. — See  frequency. 

Runstream  (also  job  runstream). — Series  of  con- 
trol cards  used  at  Fort  Collins  to  run  FIREFAM- 
ILY. 

SEASON.— A  routine  of  FIREFAMILY  that  uses 
FIRDAT's  results  to  tabulate  and  graph  one  NFDRS 
index,  component,  or  fuel  moisture  at  a  time  to 
show  seasonal  weather  patterns. 

Split  fire  season. — Two  or  more  periods  of  many 
wildfires  separated  by  a  period  of  few  fires. 

Spread  component  (SO. — A  rating  of  the  forward 
rate  of  spread  of  a  head  fire  expressed  in  feet  per 
minute. 

Variable. — In  this  paper,  any  of  the  NFDRS  indexes 
or  components.  In  FIRDAT  and  SEASON,  fuel 
moistures  are  also  considered  variables. 
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PREFACE 


Interest  in  planting  and  managing  black  walnut  trees 
continues  at  a  high  level.   The  premium  prices  paid  for 
walnut  logs,  the  value  of  the  nut  crop,  and  the  satisfaction 
derived  from  tending  trees  all  contribute  to  this  interest 
and  to  the  resultant  need  for  information  on  how  to  grow 
walnut  trees.   A  workshop  on  walnut  culture  held  in  1966 
focused  on  the  then  existing  information  and  identified  some 
of  the  research  needed  to  obtain  additional  knowledge.   A 
second  symposium  in  1973  continued  this  process,  and  in  1981 
a  third  symposium  was  held  to  summarize  current  information 
on  walnut  and  to  establish  the  direction  of  research  for  the 
next  several  years.   These  proceedings  are  the  product  of  the 
1981  symposium. 

The  symposium  resulted  from  the  same  cooperative  effort 
that  proved  so  effective  for  its  predecessors.   Primary  among 
these  cooperators  were  Purdue  University,  the  Walnut  Council, 
North  Central  Forest  Experiment  Station,  and  the  Northern  Nut 
Growers  Association.   Numerous  other  institutions,  industry 
representatives,  and  private  individuals  contributed  signifi- 
cant amounts  of  time  and  effort.   This  cooperation  produced 
not  only  a  sucessful  symposium  but,  of  equal  importance, 
these  proceedings. 

The  proceedings  bring  together  in  one  publication  much 
of  the  currently  available  information  needed  to  successfully 
grow  black  walnut;  much  of  this  information  is  new  or  has 
been  refined  since  the  previous  symposium.   The  1973  pro- 
ceedings served  as  a  guide  for  several  thousand  people.  We 
expect  that  these  proceedings  will  likewise  serve  as  the 
basis  for  management  recommendations  during  the  next  decade. 


CONTENTS 

Page 

The  walnut  council  in  perspective 

Gary  G.  Naughton 1 

Walnut  in  perspective:   the  challenge  continues 

R.  Max  Peterson 4 

Ambrosia  beetles  in  your  black  walnut  plantation — how  serious  are  they? 

Barbara  C.  Weber  7 

Variation  in  inherent  decay  resistance  of  black  walnut 

John  C.  Hart 12 

Epidemiology  of  butternut  canker 

N.  A.  Tisserat  and  J.  E.  Kuntz 18 

The  distribution  and  impact  of  butternut  canker  in  Wisconsin 

A.  J.  Prey  and  J.  E.  Kuntz 23 

Reactions  of  Juglans  species  to  butternut  canker  and  implications  for  disease  resistance 

L.  P.  Orchard,  J.  E.  Kuntz,  and  K.  J.  Kessler,  Jr 27 

Dleback,  decline,  and  stem  canker  of  black  walnut  in  Wisconsin 

J.  E.  Kuntz  and  A.  J.  Prey -  32 

Developments  in  disease  control  of  walnut  anthracnose 

Steven  Cline  35 

Walnut  root  rot  in  seedbeds,  heeling-in  beds,  and  storage 

N.  A.  Tisserat,  J.  E.  Kuntz,  R.  P.  Guries,  and  R.  F.  Camp 38 

Black  walnut  curculio:   a  factor  in  walnut  nut  production 

Larry  M.  Blair 43 

Physiology  and  silviculture  of  black  walnut  for  combined  timber  and  nut  production 

J.  W.  Van  Sambeek  and  George  Rink 47 

Nut  production — a  valuable  asset  in  black  walnut  production 

Harold  E.  Garrett  and  William  B.  Kurtz 53 

The  status  of  black  walnut  tree  improvement  programs  in  the  north  central  region 

George  Rink  and  Henry  E.  Stelzer 57 

Indiana  Division  of  Forestry  black  walnut  tree  improvement  program 

Mark  V.  Coggeshall  and  Stephen  G.  Pennington 61 

New  directions  in  genetic  improvement:   grafted  black  walnut  plantations 

Walter  F.  Beineke 64 

Some  guidelines  for  selecting  black  walnut  planting  sites 

Felix  Ponder,  Jr 69 

The  significance  of  allelopathy  in  black  walnut  cultural  systems 

W.  J.  Reitveld 73 

Pruning  for  quality 

Richard  C.  Schlessinger   87 

Principles  of  managing  black  walnut  in  natural  stands 

Burnell  C.  Fischer 92 


Growth  of  black  walnut  in  a  fertilized  plantation 

J.  M.  Braun  and  W.  R.  Byrnes 97 

Interaction  of  nitrogen  fertilization  and  chemical  weed  control  on  four-year  volume 
growth  of  a  black  walnut  plantation 

P.  E.  Pope,  H.  A.  Holt,  and  W.  R.  Chaney 105 

Effects  of  selected  cover  crops  on  the  growth  of  black  walnut 

P.  L.  Roth  and  R.  J.  Mitchell 110 

Black  walnut  seed:   from  tree  to  seedling 

Robert  D.  Williams 114 

A  screening  of  vesicular-arbuscular  (VA)  mycorrhizal  forming  fungi  on  black  walnut  seedlings 

M.  W.  Melichar,  H.  E.  Garrett,  and  G.  S.  Cox 118 

A  silvicultural-economic  model  for  black  walnut 

Warren  H.  Kincaid ,  William  B.  Kurtz,  and  H.  E.  Garrett 122 

The  changing  status  of  prime  agricultural  land:   future  implications 

Luther  B.  Hughes,  Jr 128 

A  case  study  of  black  walnut  management  costs 

James  E.  Jones 132 

Black  walnut  management  costs:   results  of  the  1981  survey 

Timothy  D.  Marty  and  William  B.  Kurtz 134 

A  critical  look  at  the  expected  return  on  investment  from  planting  black  walnut  seedlings 

Dwight  R.  McCurdy 138 

Walnut  resource:   availability  and  utilization 

Larry  R.  Frye 142 

Buyers  perspective  on  marketing  walnut  trees 

Neal  E.  Jennings 145 

Cost  sharing  incentives  for  black  walnut  management 

Robert  W.  Koenig 149 


THE  WALNUT  COUNCIL  IN  PERSPECTIVE1 
Gary  G.  Naughton2 


This  twelfth  annual  meeting  of  the  Walnut 
Council  is  truly  an  auspicious  occasion.   We 
have  already  survived  almost  4  times  as  long 
as  the  average  new  business  enterprise  in 
America,  our  numbers  are  still  growing,  and  we 
have  a  right  to  be  truly  proud  of  our  accom- 
plishments. 

Those  of  us  who  have  had  the  good  fortune 
to  have  been  part  of  this  Council  since  its 
beginning  at  Indianapolis  in  1970  have  had  the 
opportunity  to  see,  first  hand,  the  finest 
groves  of  walnut  trees  on  the  face  of  this 
earth.   Not  only  seeing  walnut  trees  in  all 
their  glory,  but  getting  to  know  them  and  the 
people  who  own,  plant,  manage,  harvest,  and 
use  walnut  trees  are  the  things  which  make  the 
walnut  Council  go. 

The  Walnut  Council  is  unique  among  orga- 
nizations.  Founded  on  the  principle  of  sharing 
knowledge  and  experiences  for  the  benefit  of 
society,  our  membership  is  open  to  anyone  with 
an  interest  in  walnut.   We  are  neither  solely 
scientific  nor  technical  nor  educational  nor 
recreational  nor  financial  in  our  interests. 
Yet,  we  are  all  of  these  things  in  good 
measure.   Landowners,  scientists,  educators, 
manufacturers,  and  speculators  all  form 
important  parts  of  our  Council.   And  all  con- 
tribute to  the  benefit  of  the  group. 

Our  significant  strength  is  that  we 
challenge  each  other.   We  have  the  audacity  to 
ask  the  hard  questions,  the  charity  to  share 
our  ideas  with  others,  and  the  grace  to  accept 
criticism — all  of  which  are  part  of  every 
meeting  we  have  ever  held. 

From  the  beginning,  the  members  of  this 
Council  have  expressed  an  attitude  of  friendly 
competition.   Remarks  such  as  "It's  too  bad 
you  folks  can't  grow  as  good  walnut  in  your 
part  of  the  country  as  we  do  in  my  area"  are 
accompanied  with  the  unspoken  belief  that  even 
poor  walnut  trees  are  good  property. 


And,  the  competition  will  always  be 
friendly  because  we  know  that — even  in  the  face 
of  our  past  12  years  of  organized  effort — walnut 
trees  are  becoming  increasingly  scarce.   The 
strength  of  consumer  demand  for  walnut  products 
continues  to  assure  us  that  our  only  true  com- 
petition in  this  business  is  with  time  and 
nature.   We  are  truly  fortunate  that  we  need 
not  hold  back,  selfishly,  from  helping  each 
other.   Our  combined  effort  to  overcome  common 
problems  is  the  source  of  our  strength. 

This  is  the  Third  Walnut  Symposium.   Each 
in  its  turn  has  served  to  focus  on  the  current 
"State  of  the  Art"  in  walnut  culture  and 
management.   And,  as  you  shall  see,  each  has 
become  progressively  more  fruitful  in  bringing 
us  toward  our  goal  of  improving  the  production 
of  walnut  and  its  many  products.   The  pro- 
ceedings from  the  1966^  and  1973^  symposia, 
along  with  those  from  this  year  are  an  invalu- 
able collection  of  the  best  information 
available  for  persons  interested  in  walnut. 

We  still  have  a  serious  task  ahead  of  us. 
Many  of  the  problems  we  experience  in  our 
personal  endeavors  with  walnut  are  still  un- 
solved and  pose  a  challenge  to  us  for  the 
future. 


PROBLEMS 

We  are  still  looking  for  the  magic  formula 
to  solve  the  two  biggest  questions  that 
foresters  the  world  over  must  constantly  ad- 
dress.  They  are:   1)  "How  many  trees  should  we 
plant?",  and  2)  "When  should  we  harvest?" 

I  can  assure  you,  today,  that  the  best 
answers  to  these  questions  will  never  be  the 


1-Paper  presented  at  the  Black  Walnut 
Symposium,  West  Lafayette,  Indiana,  August 
10-14,  1981. 

2Gary  G.  Naughton,  Chairman  Assistant 
State  Forester,  Kansas. 


"Black  Walnut  Culture",  proceedings  of  a 
walnut  workshop,  Carbondale,  Illinois,  August 
2-3,  1966.   USDA  Forest  Service  North  Central 
Forest  Experiment  Station.   (This  workshop 
held  before  start  of  the  Walnut  Council.) 

^"Black  Walnut  as  a  Crop",  proceedings  of 
the  black  walnut  symposium,  Carbondale, 
Illinois.   August  14-15,  1973,  USDA  For.  Serv. 
North  Central  For.  Exp.  Stn.,  Gen.  Tech.  Rep. 
NC-4,  p.  97-100. 


same  for  all  of  us.   We  still  find  that  it  all 
depends  on  "the  situation  and  the  terrain." 

It  is  quite  possible  to  start  with  1,000 
or  more  seedlings  per  acre  and  plan  the  final 
harvest  for  the  age  of  200  years,  producing 
as  a  result  exceptionally  high  quality  veneer 
log  which  would  be  in  demand  throughout  the 
world.   But  we  also  know  that  there  is  good 
profit  in  stands  which  start  at  200  to  300 
trees  per  acre  and  are  at  final  harvest  stage 
in  60  to  80  years. 

It  is  my  opinion  that  we  need  both  styles 
of  management  systems  to  complement  each  other. 
The  longer  rotations  fit  nicely  into  forest 
management  systems  on  public  lands,  while 
the  shorter  rotations  are  a  matter  of  economic 
practicality  and  reality  on  private  lands.   In 
any  case,  walnut  management  requires  a  pro- 
found and  unwavering  sense  of  optimism  for  the 
future. 

One  of  the  first  external  problems  ad- 
dressed by  this  Council  was  the  need  for  a 
realistic  and  consistent  National  policy  on 
the  export  of  raw  walnut  logs  into  the 
International  market.   This  has  proved  to  be  a 
two-edged  sword — an  enigma  of  gigantic  pro- 
portions.  As  in  most  situations  of  this  sort, 
idealism  gets  totally  entangled  and  confused 
with  reality.   From  the  beginning  there  was 
general  recognition  that  a  problem  existed  in 
this  area,  but  no  agreement  on  how  to  solve  it. 

Ideally,  the  valuable  natural  resources 
of  a  nation  (walnut  in  this  case)  serve  that 
nation  best  when  they  are  exported  as  compo- 
nents of  finished  products  rather  than  as  raw 
materials.   But  market  forces  are  fickle.   For 
example,  in  International  markets  there  are 
frequently  substantial  import  duties  levied 
on  consumer  goods — because  all  nations  recog- 
nize the  differences  in  capital  flow  and 
employment  opportunities  represented  by  the 
contrast  between  a  log  and  a  piece  of 
furniture. 

Human  nature  also  dictates  that  the 
landowner  offering  timber  for  sale  is  inter- 
ested in  getting  the  best  cash  price,  sometimes 
in  spite  of  the  nationality  of  the  buyer. 

I  believe  that  this  problem  has  been  more 
or  less  solved  by  default.   The  major  walnut 
log  processing  companies — many  of  whom  have 
had  active  membership  in  this  Council  since 
the  beginning — have  developed  their  own 
international  markets  and  have  substantially 
increased  world  demand  for  walnut  products  by 
introducing  them  to  new  customers  in  foreign 
countries. 


The  result  is  that  more  partially 
processed  material  is  being  exported  than  be- 
fore and  this  provides  more  jobs  at  home.   The 
situation  has  evolved  to  the  point  now  that 
the  current  slump  in  walnut  prices  is  more  a 
function  of  the  strength  of  the  U.S.  dollar 
against  other  currencies  than  it  is  a  function 
of  consumer  demand. 


ACCOMPLISHMENTS 

At  the  risk  of  overlooking  something  of 
significance  in  terms  of  this  Council's 
accomplishments,  I  will  address  only  two. 
Naturally,  it  is  my  conclusion  that  these  two 
accomplishments  are  the  most  significant. 

One  is  the  fact  that,  under  the  crusading 
leadership  of  Don  Gott,  Council  member  and 
former  Executive  Director  of  the  Fine 
Hardwoods — American  Walnut  Association,  we 
obtained  consumer  protection  labelling 
restrictions  for  walnut  products  on  the  retail 
market. 

These  attractive  tags  and  labels  have 
since  become  a  hallmark  of  quality  and  relia- 
bility for  the  American  consumer.   It  is  my 
understanding  that  the  FH-AWA  office  at 
Indianapolis  dispenses  over  1/2  million  of 
these  labels  annually.   (See  Article  in  1973 
Symposium  Proceedings,  page  23). 

The  net  effect  of  this  accomplishment  is 
to  protect  and  stabilize  the  market  of  walnut 
products,  and  consequently  the  producers  from 
farm  to  mill  to  factory.   To  paraphrase  a 
well-known  commerical  advertisement — "When  you 
are  number  one  you  are  prouder." 

The  second  and  most  significant  accom- 
plishment I  want  to  recognize  is  the  communi- 
cation forum  that  this  Council  has  established. 
Although  imperfectly  developed  this  is  our 
greatest  asset.   Because  of  the  unique 
structure  of  the  Walnut  Council — a  fact  already 
discussed — the  development  and  transfer  of 
knowledge  and  information  is  rapid  and  contin- 
uous . 

Landowners  have  the  opportunity  to  meet 
and  question  research  and  industry  interests 
face-to-face  on  a  person-to-person  basis. 
When  the  links  of  the  chain  from  production, 
research,  industry,  technology,  and  finance 
know  each  other  as  individuals  true  communi- 
cation exists. 

But,  I  want  to  offer  a  word  of  caution 
here.   Members  of  the  Executive  Committee — past, 
present,  and  future — have  been  and  will  con- 
tinue to  receive  mail  and  telephone  inquiries 
relating  to  walnut  from  people  outside  their 


normal  sphere  of  operation  and  influence.   We 
must  not  forget  our  obligation  to  refer  such 
requests  to  appropriate  people  closer  to  the 
situation.   These  might  be  consultants,  service 
foresters,  extension  specialists,  researchers, 
or  industry  people.   The  proper  function  of 
the  Council  in  this  respect  is  to  put  the 
request  into  the  best  hands  available  not  to 
directly  respond  to  requests.   Except  for 
general  inquiries  which  can  be  handled  by 
sending  the  appropriate  printed  information, 
it  is  folly  for  someone  in  Kansas  to  try  to 
offer  advice  to  a  walnut  grower  in  Indiana. 


THE  FUTURE 

I  have  spent  most  of  this  period  talking 
about  the  past  and  I  don't  apologize  for  that. 
Perspective  depends  upon  looking  back  to  see 
where  you  have  been  so  that  you  can  decide 
where  you  ought  to  go  in  the  future.   So, 
having  been  there,  where  do  we  go  next? 

I  believe  that,  first  of  all,  the  Walnut 
Council  is  a  viable  organization  with  a  long 
future  ahead  of  it.   This  assumption  leads  to 
the  following  suggestions  as  goals: 

1.  We  should  plan  now  for  another 
symposium,  to  be  held  sometime  be- 
tween 1988  and  1990  .  .  . 

2.  We  should  make  a  strong  effort  to 
triple  our  membership  by  1985  (approx- 
imately 2,000  members),  and  work  hard 
to  reach  5,000  by  1990. 

3.  We  should  seriously  consider  estab- 
lishing some  type  of  endowment  fund 
within  the  Council  for  the  purposes  of 
financing  research  and/or  educational 
efforts  on  the  broad  spectrum  of 
interest  relating  to  walnut. 

4.  We  should  begin,  at  the  first  oppor- 
tunity, to  aid  in  the  establishment 
of  state  walnut  associations, 
patterned  after  the  Council,  but 
affiliated  only  to  the  extent  they 
wish  to  formalize. 

5.  We  should  plan  now  to  hire  a  part-time 
Executive  Director  in  about  1990  and 
to  have  this  position  become  full-time 
by  about  1995. 

There  is  our  challenge.   Nothing  remains 
constant  very  long.   We  must  forge  ahead  or 
fade  into  obscurity. 


WALNUT  IN  PERSPECTIVE:   THE  CHALLENGE  CONTINUES-1 
R.  Max  Peterson 


I  congratulate  you  on  your  joint  meeting, 
and  on  the  extensive  program  which  you  have 
underway.   The  wealth  of  information  exchanged 
at  this  meeting  is  impressive,  and  something 
you  can  all  be  proud  of. 

This  forum  continues  to  serve  as  the 
catalyst  for  excellence  in  cooperation  among 
public  agencies,  colleges  and  universities, 
industry,  and  landowners.   That  type  of 
cooperation  existed  before  this  Council  was 
formed.   But  it's  better  because  of  it. 

When  he  invited  me  here,  Gary  Naughton 
made  it  a  point  to  tell  me  that  former  Chief 
Ed  Cliff  keynoted  the  first  of  these  walnut 
conferences  in  1966 — before  the  Walnut  Council 
was  even  formed  .  .  .  and  that  John  McGuire — who 
was  Chief  just  before  me — gave  the  keynote 
speech  at  the  second  of  these  conferences. 

So  I'm  pleased  to  be  at  Purdue,  and  to 
keynote  this  third  walnut  conference  .  .  .  and 
the  second  joint  meeting  of  your  two  groups. 

But  before  I  left  the  office  to  come  out 
here,  I  was  discouraged  to  look  at  some  of  the 
walnut  data  assembled  by  our  forest  survey 
staff. 

Despite  two  of  these  conferences  in  the 
last  15  years  .  .  .  which  focused  on  what 
needed  to  be  done  about  the  problem  of  de- 
clining walnut  quality  and  quantity  .  .  .  the 
problem  doesn't  seem  to  be  getting  any  better. 
At  least,  not  very  fast. 

As  a  generality,  we  have  a  lot  of  hard- 
wood timber.   Anyone  driving  through  the  East 
can  attest  to  that.   In  some  parts  of  the 
Eastern  United  States  it's  difficult  to  find 
markets  for  a  number  of  hardwoods.   Supply 
significantly  exceeds  demand.   Growth  is  much 
greater  than  removals.   We  have  an  underutilized 
resource  in  hardwoods  in  general. 


Paper  presented  at  the  Black  Walnut 
Symposium,  West  Lafayette,  Indiana,  August 
10-14,  1981. 

2r.  Max  Peterson,  Chief  of  the  Forest 
Service,  United  States  Department  of 
Agriculture,  to  the  joint  meeting  of  the 
Walnut  Council  and  Northern  Nut  Growers 
Association,  Purdue  University,  Lafayette, 
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But,  as  you  know,  the  situation  is  quite 
the  opposite  for  black  walnut  and  other  fine 
hardwoods.   We  have  an  overutilized  resource. 
Demand  has  been  greater  than  supply  for  several 
years.   And  that  gap  is  projected  to  widen  over 
the  next  50  years. 

Yet,  to  meet  that  demand,  we're  seeing  only 
a  slight  increase  in  walnut  growing  stock, 
nationwide  .  .  .  and  a  significant  decrease  in 
inventories  for  trees  larger  than  15  inches  in 
diameter. 

In  some  states,  this  decrease  in  walnut 
inventories  is  quite  significant.   In  Iowa,  for 
example,  walnut  growing  stock  inventories  have 
shrunk  by  more  than  a  third  in  twenty 
years  .  .  .  and  sawtimber  inventories  have  been 
reduced  by  more  than  half. 

In  Missouri,  where  I  grew  up,  black  walnut 
was  a  well-known  and  respected  tree  that  was 
valued,  not  only  for  the  wood  it  produced,  but 
also  for  the  nut  itself.   The  inventory  of 
walnut  growing  stock  in  Missouri  has  shrunk  by 
3  percent  between  1959  and  1972  .  .  .  sawtimber 
inventories  have  diminished  by  9  percent . 

Now  let's  admit  it  .  .  .  that's  discouraging. 
But  all  of  that  bad  news  doesn't  reflect  the 
work  you've  been  doing. 

Jack  Spencer  of  our  forest  survey  staff  at 
North  Central  Station  tells  me  that  there's  a 
lot  of  walnut  planting  going  on  .  .  .  but  that 
the  trees  aren't  yet  big  enough  to  show  up  in 
the  inventory  figures. 

And  judging  by  the  program  here,  it's 
quite  likely  that  those  walnut  trees  will  grow 
faster,  be  better  protected,  produce  more  nuts, 
be  better  utilized,  and  be  worth  a  lot  more  than 
the  generation  of  walnut  trees  we've  been 
working  with  in  the  past. 

I  say  that  because  we've  learned  a  lot 
about  growing  walnut  over  the  past  20  years. 

We've  learned  a  lot  about  defining  suitable 
walnut  sites.   Enough  to  establish  a  reliable 
system  for  site  evaluation. 

We've  come  to  realize  the  beneficial 
effects  of  weed  control  on  walnut  growth. 
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We've  learned  a  great  deal  about  the 
possibilities  of  interplanting  walnut  with 
nitrogen-fixing  trees  and  shrubs. 

Through  Bry  Clark's  early  research,  we've 
learned  that  thinning  to  favor  walnut  in 
natural  stands  holds  good  potential  for  accel- 
erating the  growth  of  the  remaining  trees. 

And  through  the  work  of  Walt  Beinecke, 
Dave  Funk,  Calvin  Bey,  and  others  we've  come 
a  long  way  in  walnut  tree  improvement.   We've 
defined  preliminary  seed  collection  zones  and 
established  improved  seed  sources.   Three 
states  have  initiated  walnut  tree  improvement 
programs. 

Each  of  these  advances — and  many  others  I 
haven't  mentioned — can  lead  to  greater  walnut 
production.   There's  ample  opportunity  for 
even  further  advances  in  most  of  these  impor- 
tant areas,  too. 

The  record  of  research  accomplishment  and 
research  cooperation  in  walnut  culture  and 
utilization  is  one  which  we  can  all  be  proud 
of. 

But  developing  all  of  that  knowledge  will 
not,  by  itself,  solve  the  black  walnut  shortage 
problem  .  .  .  the  problem  of  declining  quality 
and  increasing  cost. 

That  problem  can  be  moderated  in  the  short 
run,  but  not  solved,  through  improved  utili- 
zation.  That  aspect  of  your  work  will  become 
even  more  important  as  walnut  prices  increase. 

A  longer-term  solution  will  come,  however, 
only  to  the  extent  that  we  put  that  knowledge 
to  work  on  a  wide  basis  .  .  .  that  landowners 
and  forest  managers  recognize  the  opportunities 
in  walnut,  and  actively  manage  for  it. 

That's  how  we  are  challenged  in  the  next 
two  decades  ...  in  motivating  and  informing 
landowners.   It's  a  challenge  which  Ed  Cliff 
laid  out  at  the  first  walnut  workshop  in 
1966  .  .  .  and  which  John  McGuire  reiterated 
and  emphasized  in  1973. 

That  challenge  continues  today  .  .  .  because 
we  need  to  devote  much  more  energy  and  skill  to 
getting  walnut  management  started  on  a  signifi- 
cant scale.   We  need  to  motivate  landowners  to 
manage  for  walnut.   And  we  need  to  give  them 
the  information  they  need  to  do  it 
right  .  .  .  information  such  as  that  presented 
at  this  conference. 

We  want  to  do  our  share  on  the  National 
Forests,  by  managing  appropriate  sites  for 
high-quality  hardwoods.   Growing  walnut  in 
natural  stands  over  long  rotations  is  partic- 


ularly well-suited  to  multiple  use  management. 
So  it  fits  well  into  what  we  are  trying  to  do 
on  the  Eastern  National  Forests. 

Many  of  these  National  Forests  have  active 
black  walnut  programs,  particularly  in  tree 
improvement  and  plantation  establishment. 

For  example,  we  are  cooperating  with  the 
Tennessee  Valley  Authority,  and  with  the  states 
of  Indiana,  Kentucky,  and  Tennessee,  in  prove- 
nance and  progeny  testing.   These  tests  involve 
several  hundred  selections  over  much  of  the 
range  for  Black  Walnut.   If  successful,  several 
of  these  experimental  outplantings  on  the 
National  Forests  will  be  converted  to  first- 
generation  seed  orchards. 

We  have  been  disappointed  with  the  results 
from  introducing  walnut  into  cutover  stands  and 
with  establishing  black  walnut  on  abandoned 
fields.   Therefore,  we  will  no  longer  make 
special  efforts  to  introduce  walnut  as  a 
component  in  mixed  stands  until  we  have  better 
prescriptions  for  doing  it. 

However,  we  have  established  nearly  3,000 
acres  of  black  walnut  plantation  on  the 
National  Forests  over  the  past  10  years.   Some 
of  the  earlier  plantations  were  put  on  poor 
sites.   Some  of  the  others  apparently  didn't 
receive  proper  site  preparation  or  follow-up 
treatments. 

Anyway,  the  results  of  these  plantations 
can't  all  be  considered  successful,  though 
we're  generally  pleased  with  the  plantation 
effort. 

We  will  continue  to  establish  black 
walnut  plantations  on  suitable  sites.   Most  of 
these  will  be  on  the  Daniel  Boone,  Wayne-Hoosier , 
Shawnee,  Mark  Twain,  and  Monongahela  National 
Forests. 

And  where  it  occurs  in  natural  stands,  we 
will  continue  to  manage  and  favor  black  walnut 
as  a  component  of  mixed  stands. 

We  don't  have  a  lot  of  sites  on  the 
National  Forests  which  are  suitable  for 
intensive  walnut  management.   However,  we  will 
use  those  that  are  there.   Because,  just  as 
you're  interested  in  increasing  black  walnut 
production,  we're  interested  in  having  the 
National  Forests  do  their  share. 

However,  to  change  the  focus  of  our 
attention,  let  me  quote  John  McGuire  from  his 
keynote  to  the  1973  walnut  conference: 

He  said  that  "the  success  or  failure  of 
our  program  to  increase  production  of  walnut 
and  other  fine  hardwoods  will  depend  on  the 


degree  of  participation  by  nonindustry  private 
landowners  who  own  70  percent  of  the  hardwood 
sawtimber.   Their  land  includes  most  of  the 
productive  walnut  sites  and  nearly  all  the 
growing  stock.   We  need  to  stimulate  greater 
interest  among  the  small  private  landowners  in 
developing  maximum  productivity  of  their  forest 
lands." 

How  well  are  we  doing  with  these  landowners? 

Not  as  well  as  we  should  be. 

Yet,  it  seems  to  me  that  there  are  several 
factors — such  as  the  current  combination  of 
market,  incentives,  and  national  mood — which 
should  give  landowners  unprecedented  motivation 
to  grow  walnut  on  appropriate  sites. 

First,  the  nature  of  the  tree  is  such  that 
it  can  be  managed  in  harmony  with  nearly  any 
sort  of  landowner  objective  short  of  wilderness. 

Second,  there  appears  to  be  an  emerging 
interest  in  trees  which  produce  nuts  which 
people  can  eat. 

Third,  the  outlook  for  walnut  shows  future 
demand  exceeding  supply,  and  continued  high 
prices. 

Fourth,  it  seems  to  me  that  the  increased 
use  of  wood  for  energy  has  a  lot  of  landowners 
coming  to  realize  the  value  of  their 
woodlots  .  .  .  first  for  firewood,  then  for 
other  products  as  well. 

But  there's  a  danger  there,  too.   The  same 
axe  that's  used  to  thin  a  woodlot  .  .  .  can  be 
used  to  wreck  it  as  well.   We  must  educate 
landowners  to  recognize  high-value  hardwoods 
and  leave  them  to  grow  to  maturity. 

Fifth,  as  the  Forest  Service  and  coopera- 
ting universities  get  further  along  with  their 
Eastern  Hardwood  Initiative,  it  may  well  open 
up  some  additional  opportunities  to  manage  for 
fine  hardwoods  .  .  .  walnut  included.   This 
Initiative  is  a  broad-scale  effort  to  find 
some  better  uses  and  better  markets  for  all 
eastern  hardwoods,  particularly  where  they  can 
take  over  some  of  the  uses  which  are  placing 
such  demand  on  softwoods.   It  will  probably  have 
some  good  effects  upon  the  supply  of  fine 
hardwoods  as  well. 


The  combination  of  all  of  the  factors  I've 
just  cited  indicate  an  especially  auspicious 
time  for  walnut  management  on  private  forest 
lands. 

But  we've  got  to  point  out  those  oppor~ 
tunities. 

We  have  to  speak  from  the  economic  point 
of  view — to  let  the  landowner  know  that  walnut 
management  can  pay  if  it's  done  right,  and  on 
the  right  sites. 

And  after  spending  these  several  days  at 
Purdue  .  .  .  talking  with  each  other  .  .  .we've 
got  to  go  out  and  talk  with  the  landowner. 

That  challenge  will  always  be  with  us. 


And  sixth,  let  me  briefly  note — since  you 
have  a  broader  discussion  scheduled  for  your 
program  tomorrow — that  in  recent  years,  Congress 
has  legislated  a  comprehensive  package  of  tax 
incentives  and  other  forms  of  encouragement  to 
help  landowners  quickly  recover  many  of  their 
costs. 


AMBROSIA  BEETLES  IN  YOUR  BLACK  WALNUT  PLANTATION- 
HOW  SERIOUS  ARE  THEY? 
Barbara  C.  Weber 


Abstract. — The  life  history  of  Xylosandrus  germanus  and 
its  effects  on  black  walnut  trees  were  studied  from  1976  to 
1980  in  two  plantations,  one  in  North  Carolina  and  one  in 
Illinois.   X-  germanus  has  two  generations  per  year  with  the 
heaviest  attack  period  occurring  in  May  and  June.   Signs  and 
symptoms  of  attack  include  pinholes,  basal  sprouts,  wilted 
leaves,  and  top  dieback.   Although  tree  survival  is  little 
affected  by  X-  germanus  attacks  on  black  walnut,  growth 
losses  are  potentially  serious  depending  on  the  age  of  the 
trees  when  attacked  and  the  management  goals  of  the  planta- 
tion.  Some  management  and  silvicultural  control  recommenda- 
tions are  included. 


At  the  last  Black  Walnut  Symposium  in  1973, 
one  of  the  insect  problems  discussed  was  an 
imported  ambrosia  beetle,  Xylosandrus  germanus 
(Blandford) ,  that  was  associated  with  an  unex- 
plained dieback  of  young  black  walnut  trees 
(Juglans  nigra  Linnaeus)  in  Illinois  and  Indiana. 
At  that  time,  little  was  known  about  the  beetle, 
but  since  then  we  have  learned  much  about  its 
life  history  and  about  the  damage  it  does  to 
black  walnut  trees.   The  purpose  of  this  paper 
is  to  briefly  summarize  what  we  have  learned 
about  the  biology  of  X.  germanus,  to  describe 
the  effects  of  attack  on  black  walnut  trees,  and 
to  recommend  some  ways  to  reduce  the  damage  by 
this  insect. 

Much  of  the  information  presented  in  this 
paper  comes  from  the  study  of  X-  germanus  from 
1976  to  1980  in  two  black  walnut  plantations. 
One  plantation  is  located  in  McDowell  County, 
North  Carolina;  the  approximately  12  acres  (4.9 
hectares)  were  planted  in  1973  and  were  attacked 
by  X.  germanus  in  spring  1976  and  probably  also 
in  1974  and  1975.   Study  of  X.  germanus  was 
concentrated  in  a  5-acre  (2.0  hectares)  area 
located  in  the  center  of  the  plantation.   The 
second  plantation  is  located  in  Alexander 
County,  Illinois;  the  approximately  7  acres 
(2.8  hectares)  were  also  planted  in  1973  but 
were  not  attacked  by  X.  germanus  until  spring 
1978. 


SEASONAL  LIFE  HISTORY 

Adult  female  X-  germanus  are  black  and 
approximately  0.1  inch  (2.5  millimeters)  long 
(fig.  1).   Males  are  brown  and  about  0.06  inch 
(1.5  millimeters)  long  but  are  rarely  seen 
because  they  do  not  fly  and  usually  do  not 
leave  the  gallery  in  which  they  live.   The 
immatures  are  white,  legless,  and  wormlike. 
They  live  in  galleries  made  by  the  parent 
female  in  trees  or  other  woody  plants  (fig.  2) 


0.04  inch 


■'■Research  Entomologist,  North  Central 
Forest  Experiment  Station,  Forestry  Sciences 
Laboratory,  Carbondale,  Illinois. 


Figure  1. — Side  view  drawing  of  adult  female 
X.  germanus.   (Drawing  by  S.  W.  Wilson.) 


Figure  2. — Cross  section  of  black  walnut  show- 
ing X-  germanus  gallery. 


Adult  females  leave  their  overwintering 
sites  in  galleries  at  the  bases  of  trees  in 
March  and  April  to  search  for  new  hosts.   They 
fly  primarily  in  the  late  afternoon  and  early 
evening.   The  beetles  are  slow,  weak  flyers 
and  are,  therefore,  easily  carried  by  the  wind. 
In  North  Carolina,  beetles  in  flight  are  present 
from  late  March  until  late  August.   In  Illinois, 
beetles  in  flight  are  present  from  early  April 
until  early  September.   The  average  flying 
height  is  4.9  feet  (1.5  meters). 

Once  the  beetles  have  located  their  new 
hosts,  they  bore  into  the  tree  and  excavate 
the  galleries  in  which  they  will  lay  their 
eggs  and  produce  new  adults.   X.  germanus 
apparently  has  two  generations  per  year.   In 
North  Carolina,  egg-laying  occurs  from  early 
May  to  probably  late  June  and  from  early  June 
to  early  September.   Adults  of  the  first 
(summer)  generation  are  present  from  mid-May 
to  mid- July  and  those  of  the  second  (over- 
wintering) generation  from  early  July  to  the 
end  of  the  season.   In  Illinois,  egg-laying 
occurs  from  mid-May  to  early  June  and  from 
late  June  to  late  July.   Adults  of  the  summer 
generation  are  present  from  early  to  late  June 
and  those  of  the  overwintering  generation  from 
mid-July  to  the  end  of  the  season  (fig.  3). 
The  number  of  offspring  per  female  ranges  from 
2  to  53. 
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Figure  3. — Combined  life  history  diagram  of 
field-collected  X.  germanus  in  North  Carolina 
and  Illinois. 


DISTRIBUTION  AND  HOSTS 

The  ambrosia  beetle  X.    germanus  was  first 
reported  in  the  United  States  in  1932  on  Long 
Island,  New  York  (Felt  1932).   The  beetle  now 
occurs  from  New  York  to  Missouri  and  from 
Louisiana  to  South  Carolina.   It  attacks  several 
kinds  of  woody  shrubs  and  trees.   In  its  native 
country  of  Japan,  X.  germanus  attacks  about  160 
different  species  of  plants  (Nobuchi  1981). 
In  the  United  States,  Deyrup  (1981)  reported 
that  in  Indiana  alone  it  attacks  20  different 
species  of  plants,  including  black  walnut. 

Miller  (1973)  and  Kessler  (1974)  first 
reported  attacks  by  X-  germanus  on  black  walnut 
in  Illinois.   Since  then,  many  more  damaged 
plantations  have  been  found  (table  1). 


SYMPTOMS  OF  ATTACK 

Signs  and  symptoms  of  X.  germanus  attack 
on  black  walnut  trees  include  pinholes,  basal 
sprouts,  wilting  leaves,  and  dieback.   Pinholes 
are  approximately  1/32  inch  (1  millimeter)  in 
diameter  and  are  usually  found  in  the  lower 
trunk  of  attacked  trees.   Pinholes  may  also  be 
found  in  branches  that  are  within  about  6.5 
feet  (2  meters)  from  the  ground.   Basal  sprouts 
originate  from  the  tree  trunk  at  or  below  the 
groundline  or  they  may  occur  above  the  ground- 
line  on  the  lower  trunk.   Wilting  leaves  and 
dieback  may  occur  over  the  entire  aboveground 
portion  of  the  tree  or  on  only  one  branch  (fig. 
4) .   Wilted  and  dead  tops  are  the  most  easily 
detected  symptoms  of  attack  and  can  be  found 
most  frequently  during  May  and  June,  the  period 
of  heaviest  attack  by  X.  germanus .   Occasionally, 
cankers  are  also  associated  with  beetle  attacks. 
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Table  1. — Location,  age,  and  height  of  plantation 
black  walnut  trees  attacked  by  X.  germanus 


Location 


ILLINOIS 

Alexander  County 
Jackson  County 

INDIANA 


Age  when    Avg.  ht. 
attacked1     (ft.)1 


6.0 
5.3 


Sometimes  the  only  symptom  of  attack  is 
the  pinholes,  but  they  are  small  and  difficult 
to  find.   In  the  Illinois  plantation,  I  found 
that  the  percentage  of  trees  attacked  by  X. 
germanus  could  be  estimated  from  the  percentage 
of  trees  that  had  wilted  leaves  or  dead  tops. 
Work  is  continuing  to  determine  if  this  method 
of  estimating  the  number  of  trees  attacked  by 
X.  germanus  can  be  applied  to  all  walnut  plan- 
tations. 


EFFECTS  OF  ATTACK 


Daviess  County 

- 

- 

Du  Bois  County 

8 

4.9 

Fountain  County 

1 

seedlings 

Green  County 

- 

- 

Hamilton  County 

1 

seedlings 

Washington  County 

5 

- 

NORTH  CAROLINA 
McDowell  County 

OHIO 

Scioto  County 

TENNESSEE 

Davidson  County 


1-7 


5.6 


3.9 


Dashed  line  means  that  the  age  and/or 
height  of  the  trees  at  the  time  of  attack  were 
not  known. 


Figure  4. — Wilting  leaves  and  top  dieback  of 
black  walnut  tree  attacked  by  X.  germanus. 


The  effect  of  attack  by  X.  germanus  on  tree 
survival  is  less  serious  than  first  appearances 
show,  although  initial  tree  losses  may  appear 
high.   Although  the  tops  of  attacked  trees  may 
die,  the  roots  are  usually  still  alive  and  send 
out  sprouts  that  can  replace  the  original  tree. 
Approximately  350  of  the  1,400  trees  in  the 
North  Carolina  plantation  were  attacked  by  early 
June  1976  and  approximately  30  trees  died. 
About  330  of  the  2,220  trees  in  the  Illinois 
plantation  were  attacked  in  spring  1978.   Nearly 
75  percent  of  the  attacked  trees  suffered  top 
dieback.   All  but  four  of  the  trees  with  top 
dieback  eventually  sent  up  basal  sprouts  from 
the  still-living  roots.   If  sprouts  are  pruned 
to  one  per  root  system,  the  original  attacked 
trees  can  be  replaced  by  fast-growing  sprouts 
and  thus  reduce  the  effects  of  X.  germanus  on 
tree  losses  in  a  plantation.   However,  the  time 
required  to  cut  and  remove  beetle-infested 
trees  and  to  remove  excess  sprouts  can  be  sig- 
nificant and  costly. 

The  effect  of  beetle  attack  on  tree  growth 
is  potentially  more  serious  than  on  tree  sur- 
vival.  In  the  Illinois  plantation,  the  average 
height  of  trees  attacked  by  X.    germanus  in 
spring  1978  was  5.7  feet  (1.7  meters)  compared 
to  6.1  feet  (1.9  meters)  for  trees  not  attacked. 
The  average  diameter  at  breast  height  (dbh)  of 
trees  attacked  was  0.5  inch  (1.3  centimeters) 
compared  to  0.6  inch  (1.4  centimeters)  for  trees 
not  attacked.   After  three  growing  seasons,  the 
average  height  of  those  trees  attacked  in  spring 
1978  was  8.5  feet  (2.6  meters)  compared  to  9.8 
feet  (3.0  meters)  for  trees  not  attacked. 
Average  dbh  of  attacked  trees  was  1.0  inch 
(2.6  centimeters)  compared  to  1.3  inches  (3.3 
centimeters)  for  trees  not  attacked.   These 
comparisons  show  that  X.  germanus  apparently 
selected  smaller  trees  and  suggest  that  smaller 
trees  may  be  more  susceptible  to  attack  than 
larger  ones.   Younger  trees  may  also  be  pre- 
ferred because  all  of  the  plantations  in  which 
we  found  X.  germanus  were  less  than  8  years  old 
when  attacked.   Black  walnut  trees  older  than 
10  years  or  more  than  about  2.5  inches  (6 
centimeters)  in  dbh  probably  will  not  be 


attacked  by  X.  germanus.   It  is  not  known 
whether  the  smaller  trees  in  the  Illinois  plan- 
tation were  attacked  because  they  were  less 
healthy  than  the  larger  ones  or  whether  they 
were  simply  slow  growers  and  were  preferred  by 
X.  germanus  because  of  their  smaller  size. 

The  comparisons  of  sizes  of  attacked  and 
not  attacked  trees  also  show  that  the  attacked 
trees,  or  their  replacement  sprouts,  were  not 
able  to  catch  up  in  height  and  diameter  growth, 
three  growing  seasons  after  attack,  to  those 
trees  not  attacked.   The  attacked  trees  may  be 
compared  to  the  coppiced  trees  studied  by 
Schlesinger  (1981).   He  found  that  5  years 
after  treatment  (that  is,  removing  the  entire 
aboveground  portion  of  coppiced  trees  and 
allowing  one  sprout  to  replace  the  original 
tree) ,  coppiced  trees  were  about  20  percent 
shorter  in  height  and  about  26  percent  smaller 
in  dbh  than  noncoppiced  trees.   Schlesinger 
(1981)  also  found  that  the  older  the  tree  at 
the  time  of  coppicing,  the  less  likely  it 
would  be  able  to  catch  up  in  size  to  non- 
coppiced  trees.   Trees  coppiced  when  they  were 
2  years  old  were  only  about  half  a  year  "young- 
er" in  size  at  age  11  than  same-age  noncoppiced 
trees,  but  trees  coppiced  when  they  were  5 
years  old  were  3  years  "younger"  in  size  at 
age  11  than  same  age  noncoppiced  trees.   That 
is,  trees  coppiced  at  age  5  would  have  to  grow 
for  3  more  years  after  the  harvesting  of  non- 
coppiced trees  to  equal  the  size  of  the  non- 
coppiced trees.   These  findings  suggest  that 
trees  attacked  by  X.  germanus  when  they  are 
younger  (for  example,  2  years  old)  will  be 
closer  in  size  at  harvest  time  to  trees  not 
attacked,  and,  thus,  more  likely  to  be  selected 
as  harvest  trees,  than  trees  attacked  by  X- 
germanus  when  they  are  older  (for  example,  5 
years  or  more) . 

The  seriousness  of  growth  losses  due  to 
X.  germanus  attack  depends  on  the  total  number 
of  trees  attacked  and  the  management  goals  for 
the  plantation.   If  a  large  percentage  of  the 
trees  has  been  attacked,  the  average  tree  size 
may  be  significantly  reduced,  as  indicated  in 
the  Illinois  plantation,  and  result  in  a  longer 
time  to  final  harvest  of  commercial-sized  trees. 

If  management  goals  require  that  all  plan- 
tation trees  become  final  crop  trees,  every 
tree  is  important.   No  tree  loss  and  little 
growth  loss  can  be  tolerated.   Such  situations 
may  develop  when  few  trees  are  planted  origi- 
nally.  On  the  other  hand,  if  more  trees  are 
planted  initially  than  are  needed  for  final 
crop  trees,  individual  tree  selections  can  be 
made  periodically  to  keep  the  faster-growing, 
straighter  trees  and  eliminate  the  slower- 
growing,  less  desirable  ones.   Under  these 


more  flexible  management  goals,  most  trees 
attacked  by  X-  germanus  that  are  not  comparable 
in  size  to  trees  not  attacked  will  probably  be 
removed  by  harvest  time. 

Another  factor  in  assessing  the  serious- 
ness of  X.  germanus  attack  is  the  genetic  back- 
ground of  the  trees.   The  Illinois  plantation 
was  designed  to  compare  growth  characteristics 
of  trees  from  different  sources  in  six  States — 
Arkansas,  Illinois,  Kansas,  Kentucky,  Missouri, 
and  Tennessee.   Kansas  trees  were  attacked 
least  frequently  (2  percent)  and  Kentucky  trees 
were  attacked  significantly  more  often  than 
trees  from  any  of  the  other  sources  (13  percent) 
(table  2).   These  results  suggest  that  genetic 
variation  in  susceptibility  to  attack  may  be 
important.   Further  study  in  this  area  is 
needed. 


Table  2. — Trees  from  each  State  attacked  by  X- 
germanus  in  spring  1978  in  the  Alexander 
County,  Illinois,  black  walnut  plantation 


State 

Arkansas 

Illinois 

Kansas 

Kentucky 

Missouri 

Tennessee 


An  aspect  of  concern,  however,  is  the 
planting  of  large  numbers  of  trees  from  a  few 
seed  sources  (a  seed  source  refers  to  the 
parent  tree)  or  grafted  seedlings  taken  from 
only  one  or  two  trees  if  one  or  more  of  these 
seed  sources  or  clones  are  susceptible  to 
beetle  attack.   If  the  grafted  portion  is 
attacked  and  sprouts  are  produced  by  the  root 
stock,  the  selected,  superior  growth  character- 
istics or  nut  potential  of  the  grafted  portion 
are  lost  and  the  tree's  value  is  reduced  to 
that  of  a  normal,  nursery-run  tree. 


CONTROL  RECOMMENDATIONS 

Good  management  and  silvicultural  control 
practices  may  provide  the  best  options  for 
minimizing  damage  by  X.  germanus.   Direct  chem- 
ical control  of  the  insects  on  walnut  trees  is 
not  practical  because  the  beetles  spend  most 
of  their  life  cycle  within  trees  where  chemical 
sprays  cannot  penetrate.   Treatment  with  systemic 
insecticides  may  be  effective  during  the  initial 


Total 

% 

no.  trees 

attacked 

233 

9 

261 

7 

59 

2 

354 

13 

159 

5 

928 

7 

10 


stages  of  attack,  but  no  research  has  been  done 
to  test  their  effectiveness.   Therefore,  I 
recommend  the  following  practices  to  reduce  the 
effects  of  X-  germanus  on  black  walnut  planta- 
tions. 

1.   Select  planting  sites  that  have  deep, 
well-drained  soils;  if  possible,  have  your 
local  forester  examine  the  site. 


Schlesinger,  R.  C.   1982.   Pruning  for  quality. 
Proceedings  Black  Walnut  Symposium,  Purdue 
University,  West  Lafayette,  Indiana,  August 
9-13,  1981.   USDA  For.  Serv.  Gen.  Tech.  Rep. 
NC-    .   North  Cent.  For.  Exp.  Stn.,  St. 
Paul,  MN. 


2.  Plant  trees  at  close  spacing  (e.g., 
10  feet  x  10  feet  [3m  x  3m])  to  allow  later 
thinning  and  selecting  for  the  best  trees. 

3.  Plant  trees  from  several  locations  or 
seed  sources  to  reduce  the  chances  of  severe 
losses  if  one  or  two  seed  sources  are  highly 
susceptible  to  X-  germanus  attack. 

4.  Manage  the  trees,  especially  during 
the  first  10  years,  with  techniques  known  to 
promote  rapid  growth.   Examples  of  such  tech- 
niques would  be  weed  control  and  interplanting 
with  nitrogen-fixing  plant  species  such  as 
autumn  olive. 

5.  Treat  fresh  hardwood  stumps  within  a 
1/4  mile  (about  500  meters)  radius  of  the 
plantation  with  diesel  fuel  or  other  stump 
treatment  because  X.    germanus  often  live  in 
stumps  in  cutover  forested  areas. 

6.  Remove  affected  trees  from  the  plan- 
tation as  soon  as  possible  after  attack  by  X. 
germanus,  evidenced  by  wilting  or  dead  tops. 
Destroy  them  to  prevent  population  buildup 
within  the  plantation. 
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VARIATION  IN  INHERENT  DECAY  RESISTANCE  OF  BLACK  WALNUT1 
John  H.  Hart2 


Abstract. — Sapwood  and  heartwood  from  fast-growing  black 
walnut  decayed  at  the  same  rate  as  sapwood  and  heartwood 
collected  from  slow-growing  trees.   Based  on  results  from  15 
trees  (three  trees  from  each  of  five  states)  the  sapwood  was 
more  decay  susceptible  than  the  heartwood.   There  were  no 
significant  gradients  in  decay  resistance  of  the  heartwood 
associated  with  radial  or  longitudinal  position  in  the  trunk. 
The  heartwood  of  individual  trees  from  the  same  site  varied 
significantly  in  decay  resistance.   This  variation  is 
attributed  mainly  to  genetic  variability.   Similarities  in 
heartwood  decay  resistance  between  trees  collected  in 
different  states  suggest  that  site  is  not  a  major  factor  in 
determining  decay  resistance. 


Considering  that  black  walnut  is  one  of 
our  most  desirable  and  valuable  timber 
species,  there  is  little  information  on  the 
chemistry  and  durability  of  its  heartwood. 
Almost  all  available  material  on  walnut 
describes  the  heartwood  as  decay  resistant 
(Scheffer  and  Cowling,  1966),  but  published 
data  to  substantiate  this  claim  could  not  be 
located. 

Individual  trees  of  the  same  species  may 
vary  considerably  in  their  decay  resistance 
(Scheffer  and  Cowling,  1966).   This  variation 
mainly  is  controlled  genetically  rather  than 
by  differences  among  sites  on  which  the  trees 
developed.   Decay  resistance  also  varies  among 
different  parts  of  the  same  tree  (Scheffer  and 
Cowling,  1966).  Research  with  other  tree 


*Paper  presented  at  the  12th  Annual 
Meeting  of  the  Walnut  Council,  Purdue 
University,  West  Lafayette,  Indiana,  August 
9-14,  1981.   Michigan  Agricultural  Experiment 
Station  Journal  Article  No.  10175.   This 
research  was  supported  by  a  grant  from  the 
U.S.  Forest  Service.   The  author  thanks  Helen 
Maffei,  Terry  Kamps  and  Carl  a  Thomas  for 
technical  assistance  and  Linda  Swain  and  Scott 
Eisensmith  for  statistical  assistance. 

^-Professor,  Departments  of  Botany  & 
Plant  Pathology  and  Forestry,  Michigan  State 
University,  East  Lansing,  Michigan  48824. 


species  has  shown  that  decay  resistance 
decreases  progressively  from  the  outer 
heartwood  to  the  pith.   Decay  resistance  of 
the  outer  heartwood  decreases  progressively 
from  the  base  of  the  tree  upward,  whereas  the 
opposite  is  true  for  inner  heartwood.   Varia- 
tion in  decay  resistance  between  individual 
black  walnut  trees  or  within  individual  trees 
has  not  been  investigated. 

As  walnut  wood  is  used  in  products  that 
are  expected  to  last  for  years  or  even  dec- 
ades, the  resistance  of  this  wood  to  microbial 
deterioration  of  importance  even  though  the 
wood  is  seldom  used  under  conditions  conducive 
to  decay.   How  durable  is  black  walnut 
heartwood  and  does  this  durability  vary  in  the 
different  geographical  areas  that  it  inhabits? 
Is  the  heartwood  in  one  part  of  the  tree  more 
durable  than  in  another  part  of  the  tree? 
Will  heartwood  from  fast-growing,  intensively 
managed  trees  be  as  durable  as  that  from 
naturally-occurring  trees?  The  purpose  of 
this  research  was  to  collect  data  which  would 
answer  these  questions. 


MATERIALS  AND  METHODS 

To  determine  the  effect  of  growth  rate  of 
walnut  on  decay  resistance,  four  trees  with 
different  rates  of  growth  were  sampled. 
Blocks  2  cm-*  were  cut  5  m  above  ground  from 
logs  harvested  in  Lansing,  Michigan.   The 


12 


number  of  annual  rings  per  era  was  determined 
for  each  block.   Blocks  were  dried  at  45°C  for 
one  week,  weighed,  steamed  for  15  minutes, 
placed  aseptically  into  decay  chambers  con- 
taining Coriolus  vesicolor  or  Poria  placenta 
for  eight  weeks  (McNabb,  1958),  removed,  dried 
at  80°C  for  one  week,  and  reweighed.   Ten 
blocks  were  used  from  each  tree,  each  wood 
type  and  for  each  decay  fungus . 


Sapwood 

Outer  Heartwood 
—  Middle  Hearlwood 
Inner  Heartwood 


Figure  1. — Diagram  of  sampling  procedure  used 
in  collecting  blocks  for  decay  studies. 
Samples  were  collected  from  the  top,  middle 
and  bottom  of  the  tree  and,  at  each  of  these 
positions,  from  the  sapwood  and  heartwood  as 
illustrated. 


To  determine  the  variability  in  decay 
resistance  throughout  the  range  of  black 
walnut  and  from  different  locations  within  a 
tree,  three  mature  walnut  trees  were  collected 
from  five  states:   Kansas,  Kentucky,  Michigan, 
Pennsylvania  and  Wisconsin.   All  trees  were 
dissected  within  one  week  of  cutting  except 
for  the  trees  from  Pennsylvania  which  were 
stored  for  5  weeks  at  0°C  before  sampling. 
Blocks  1.9  cnH  were  cut  from  three  vertical 
positions  from  each  tree:   0.5-1.0,  5-6  and 
9-10  m  above  ground  line.   All  samples  had  to 
be  free  from  decay  and  defect;  therefore, 
precise  sample  heights  were  impossible.   At 
each  vertical  position  cylinders  1.9  cm  in 


thickness  were  cut.   Blocks  were  cut  from  four 
radii  so  that  there  would  be  4  sapwood,  4 
outer  heartwood,  4  middle  heartwood  and  4 
inner  heartwood  blocks  (fig.  1).   Blocks  from 
a  given  cylinder  were  used  for  one  of  the  test 
fungi  ( _P.  placenta,  C .  versicolor  or 
Schizophyllum  commune)  or  as  control  blocks . 
The  agar-block  method  (McNabb,  1958)  with  an 
exposure  period  of  10  weeks  was  used  to 
determine  rates  of  decay.  Data  were  obtained 
from  approximately  3,000  blocks  which  were 
analyzed  statistically. 


RESULTS 

Growth  and  decay  rates  of  black  walnut  are 
shown  in  Table  1.   Tree  1  was  a  consistently 
fast  growing  tree,  tree  4  a  consistently  slow 
growing  tree  and  trees  2  and  3  were  growing 
relatively  fast  when  the  heartwood  tissue  was 
formed  but  recent  growth  was  only  one-half 
that  of  earlier  growth.   Analysis  of  variance 
revealed  significant  differences  in  decay 
resistance  between  trees  for  a  given  fungus 
but  these  differences  were  not  correlated  with 
growth  rate  (Table  1). 


Table  1. — Growth  and  decay  rate  of  slow-  and 
fast-growing  black  walnut  collected  in 
Michigan 


Weight 

lost  - 

and 

Average  no. 
of  annual 

%  dry 

weight 

Wood  type 

Poria 

Coriolus 

tree  number 

rings/cm 

placenta 

versicolor 

Heartwood 

1 

1.8 

21.4 

3.9 

2 

3.0 

11.6 

5.8 

3 

3.7 

17.4 

7.5 

4 

6.5 

16.1 

3.7 

Sapwood 

1 

2.0 

29.3 

10.5 

2 

6.5 

34.4 

6.7 

3 

7.0 

31.1 

12.7 

4 

7.0 

33.4 

14.1 

To  answer  the  question  'Does  the  durabil- 
ity of  the  outer  heartwood  differ  from  that  of 
inner  heartwood?'  an  analysis  of  variance  was 
run  on  the  data  for  each  state  for  each  of  the 
three  fungi.   Data  for  all  three  trees  and  for 
all  three  locations  within  the  tree  (top, 
middle,  and  bottom)  were  lumped  for  analysis. 
As  expected,  the  sapwood  was  consistently  more 
decay  susceptible  than  the  heartwood.   How- 
ever, outer,  middle  and  inner  heartwood  did 
not  differ  significantly  from  one  another  in 
their  rates  of  decay  (fig.  2). 
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Figure  2. — Decay  rates  of  black  walnut  sapwood 
and  heartwood  when  exposed  to  Coriolus 
versicolor  for  10  weeks.   Decay  rates  for 
Por ia  placenta  and  Schizophyllum  commune 
showed  a  similar  pattern. 


A  similar  procedure  was  used  to  determine 
if  the  sapwood  or  heartwood  from  the  top, 
middle  and  bottom  of  the  trees  differed  in 
their  resistance  to  decay.   Rates  of  decay  for 
the  sapwood  did  not  differ  significantly  with 
position  in  the  tree.   Generally,  the  same 
pattern  was  true  for  the  heartwood  (fig.  3). 
However,  _P.  placenta  was  capable  of  causing  a 
faster  rate  of  decay  of  bottom  heartwood 
compared  to  heartwood  from  the  top  for  trees 
collected  from  Pennsylvania  and  Kentucky 
(fig.  4). 
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Figure  3. — Decay  rates  of  black  walnut 

heartwood  collected  from  the  top,  middle  and 
bottom  of  the  trees  when  exposed  to  Coriolus 
versicolor  for  10  weeks. 
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Figure  4. — Decay  rates  of  black  walnut 
heartwood  collected  from  Kentucky  and 
Pennsylvania  when  exposed  to  Poria  placenta 
for  10  weeks. 
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The  decay  rates  of  the  heartwood  for  each 
tree  were  compared  for  trees  collected  in  each 
state  to  determine  if  durability  varied 
between  trees  on  the  same  site.   Decay  rates 
were  not  significantly  different  between  trees 
for  either  C_.  versicolor  or  P_.    placenta  for 
trees  collected  in  Michigan,   Kentucky  or 
Pennsylvania.   However,  there  were  differences 
between  trees  collected  in  Kansas  and 
Wisconsin.   The  heartwood  from  tree  no.  2  from 
Kansas  was  significantly  more  decay  resistant 
when  exposed  to  either  C.  versicolor  or  P. 
placenta  than  either  trees  no.  1  or  3 
(figs.  5-6) . 
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Figure  5. — Decay  rates  of  black  walnut  heart- 
wood  collected  from  three  trees  in  Kansas 
and  exposed  to  Coriolus  versicolor  for  10 
weeks . 


Figure  6. — Decay  rates  of  black  walnut  heart- 
wood  collected  from  three  trees  in  Kansas 
and  exposed  to  Coriolus  versicolor  for  10 
weeks. 


The  last  comparison  was  between  states, 
i.e.  does  the  durability  vary  from  one  state 
to  another.   Rates  of  decay  for  heartwood  from 
all  radii,  positions  and  trees  were  lumped  for 
each  state.  An  analysis  of  variance  was  then 
conducted  to  determine  differences  between 
states.   Heartwood  from  trees  collected  in 
Kentucky  and  Pennsylvania  decayed  at  a  signi- 
ficantly faster  rate  than  heartwood  collected 
in  Kansas,  Wisconsin  and  Michigan  when  exposed 
to  C_.  versicolor  (fig.  7).   However,  there 
were  no  significant  differences  in  decay  rates 
between  states  when  the  heartwood  was  exposed 
to  P.  placenta  (fig.  8). 
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KAN.      WISC.     MICH.     KENT.     PENN. 

Figure  7. — Decay  rates  of  black  walnut  heart- 
wood  collected  from  five  states  and  exposed 
to  Coriolus   versicolor    for    10  weeks. 
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Figure  8. — Decay  rates  of  black  walnut  heart- 
wood  collected  from  five  states  and  exposed 
to  Poria  placenta  for  10  weeks. 


DISCUSSION 

The  heartwood  from  fast-growing 
plantation  trees  should  be  just  as  decay 
resistant  as  the  heartwood  from  slower-growing 
trees  in  natural  stands,  according  to  evidence 
presented  above.   Since  wood  durability  is 
directly  correlated  with  the  amount  and  type 
of  heartwood  extractives  formed  when  sapwood 
is  transferred  into  heartwood,  it  appears 
heartwood  formation  is  basically  the  same  in 
fast  and  slow-growing  trees.   This  has 
additional  significance  because  heartwood 
extractives  give  walnut  its  distinctive  color 
and  influence  its  workability. 

The  fact  that  the  heartwood  did  not  vary 
in  decay  resistance  radially  differs  from 
previous  reports  (Scheffer  and  Cowling,  1966). 
Radial  gradients  in  decay  resistance  are  the 
result  of  chemical  alteration  (polymeriza- 
tions) of  the  toxic  components  as  the 
heartwood  ages .   This  explains ,  at  least  in 
part,  why  we  find  hollow  trees  in  nature. 

My  results  with  black  walnut  would 
suggest  that  the  compounds  responsible  for 
decay  resistance  do  not  polymerize  as  the 
heartwood  ages.   However,  not  enough  is  known 
about  the  chemistry  of  decay  resistance  in 
walnut  to  provide  a  conclusive  explanation  of 
why  there  seems  to  be  little  chemical 
alteration  as  the  heartwood  ages.   The 
explanation  of  this  phenomenon  of  consistent 
decay  resistance  will  have  to  await  further 
invest  igation. 

While  variation  in  decay  resistance  of 
the  heartwood  within  individual  trees  differed 
from  previous  studies,  variation  in  decay 
resistance  between  individual  ti.ees  and 
between  trees  from  different  sites  was  similar 
to  previous  reports  (Scheffer  and  Cowling, 
1966).   It  is  known  that  individual  trees  of 
the  same  species  may  vary  considerably  in 
their  decay  resistance  and  that  this  variation 
is  primarily  genetically  controlled.   The  data 
presented  support  these  previous  conclusions. 
If  significant  variations  in  decay  resistance 
occur  between  trees  from  a  given  state  (e.g. 
tree  2  from  Kansas,  figs.  5-6),  the  variation 
is  most  likely  due  to  genetic  differences  and 
it  should  not  be  attributed  to  site 
differences.   All  trees  from  one  state  were 
collected  from  the  same  site.   On  the  other 
hand,  there  were  major  site  differences 
between  states,  yet  decay  resistance  as 
measured  by  P.  placenta  did  not  differ 
significantly  between  states.   Even  though 
there  were  some  differences  in  decay  rates 
caused  by  C.  versicolor ,  trees  from  Kansas, 
Wisconsin  and  Michigan  were  remarkably  similar 
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even  though  the  sites  of  collection  were  not 
similar. 

Additional  collection  of  trees  will  be 
made  during  the  coming  year  in  Indiana, 
Illinois,  Mississippi  and  North  Carolina. 
Hopefully,  this  additional  sampling  will  help 
clarify  variations  in  decay  resistance  of 
black  walnut  throughout  its  range. 
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EPIDEMIOLOGY  OF  BUTTERNUT  CANKER1 
N.  A.  Tisserat  and  J.  E.  Kuntz2 


Spores  of  Sirococcus  clavigignenti-juglandacearum,  the 
causal  fungus  of  butternut  canker,  were  liberated  only  during 
rainfall  by  the  action  of  rain  splash  impaction  on  the  spore 
matrix  of  fruiting  pycnidia.   During  rainfall,  conidia  were 
trapped  on  rotorod  samplers  up  to  30  m  from  cankered  trees, 
although  observation  of  natural  spread  indicated  some  spores 
probably  travel  greater  distances.   A  high  concentration  of 
spores  were  washed  down  the  tree  trunk  from  branch  cankers  in 
stem-flow  water.   Infection  and  canker  development  following 
artificial  inoculation  occurred  throughout  the  summer  on 
butternuts  in  the  field.   Natural  infection  of  potted 
seedlings  placed  under  diseased  trees  occurred  from  late  July 
to  October.   The  fungus  continued  to  sporulate  heavily  on 
recently  killed,  cankered  trees  that  remained  standing  or  that 
were  felled.   These  trees  served  as  potential  inoculum 
reservoirs. 


INTRODUCTION 

Butternut  canker,  first  reported  in 
Wisconsin  in  1967  (Renlund,  1971),  is  the 
most  serious  disease  of  butternut  ( Juglans 
cinerea  L.).   Since  the  first  report,  the 
disease  has  been  found  throughout  the 
natural  range  of  butternut  in  eastern  United 
States  (Anderson  and  LaMadeline,  1977)  and 
threatens  to  eliminate  this  beautiful  and 
valuable  hardwood  in  many  areas  of  the 
country  (Nicholls,  1979).   The  disease  is 
especially  severe  in  southern  Wisconsin 
where  some  survey  plots  had  a  disease 
incidence  of  80%  (Prey  and  Kuntz,  1981). 
Symptoms  of  the  disease  include  branch 
mortality  and  multiple  cankering  of  both  the 
main  stem  and  the  buttress  roots.   The 
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causal  organism  has  been  identified  as  the 
imperfect  fungus,  Sirococcus  clavigignenti- 
juglandacearum  (Nair  e_t  al_.  ,  1979). 

A  better  understanding  of  the 
epidemiology  of  butternut  canker,  especially 
with  regards  to  environmental  conditions 
favorable  for  sporulation,  spore  dispersal, 
and  infection,  is  needed  before 
silvicultural  control  measures  can  be 
recommended.   The  objectives  of  our  research 
were  1)  to  identify  environmental  conditions 
favorable  for  sporulation  and  dispersal  of 
the  pathogen;  2)  to  examine  the  rate  at 
which  branch  and  stem  cankers  develop;  and 
3)  to  evaluate  the  potential  of  dead  or 
dying  butternuts  to  serve  as  inoculum 
sources. 

Spore  Liberation  and  Dispersal 

Seasonal  spore  release  was  studied  in 
pockets  of  diseased  butternuts  in  the 
University  of  Wisconsin  Arboretum,  Madison, 
during  1979  and  1980.   Vaseline-coated 
microscope  slides  were  placed  beneath 
cankered  trees  and  removed  at  daily  or 
weekly  intervals.   The  number  of  spores  per 
interval  was  determined  by  counting  all  £5. 
clavigignenti-juglandacearum  spores  in  20 


18 


random  light  microscopic  fields  at  X430. 
Spores  of  the  fungus  were  liberated  from 
cankered  trees  from  mid-April  through 
October  in  both  years,  but  only  during  those 
days  in  which  there  was  measurable 
rainfall.   Table  1  indicates  results  for  the 
7-day  period  of  June  15-21,  1979.   Slides 
placed  beneath  trees  directly  after  rainfall 
or  during  periods  of  relative  humidity 
greater  than  90%  did  not  have  spores 
deposited  on  them.  Spore  collection  on 
rotorod  and  Hirst  spore  traps  also  showed 
that  liberation  of  conidia  only  occurred 
during  rainfall. 


water  was  adjusted  to  the  original  amount  of 
stem  runoff  water  in  each  sample. 
Concentrations  greater  than  100  spores/ml  of 
runoff  water  were  common  and  occasionally 
concentrations  higher  than  10,000  spores/ml 
were  recorded  (Table  2).   Spores  in 
rainwater  flowing  down  the  stem  can  become 
lodged  in  lenticels,  bark  cracks,  and  wounds 
where  they  may  germinate  and  start  new 
infections.   This  may  explain  the  multiple 
cankering  typical  of  diseased  butternuts 
especially  on  the  lower  trunk  and  buttress 
roots.  Cankers  of  various  ages  and  sizes 
commonly  occur  on  the  same  tree. 


Table  1   Number  of  spores  trapped  daily  on 
vaseline-coated  microscope  slides 
placed  beneath  a  cankered  butternut 
tree. 


June  1979 
15   16   17   18   1_9   20  21 

Rainfall  (inches)    0   0  .13   0  .60  .10   0 
Number  of  sporesl/   0   0  186   0  275  134   0  « 

1/  Total  spores  on  20  fields  at  X430. 


The  spores  of  S_.  clavigignent i- 
juglandacearum  are  tightly  bound  in  a 
gelatinous  matrix  as  they  are  extruded  from 
pycnidia  embedded  in  stromatic  tissue 
beneath  loosening  outer  bark,  and  are  not 
easily  removed,  even  under  windy 
conditions.   Preliminary  experiments  with 
blowing  air,  mist,  and  water  droplets  proved 
that  rain  splash  impaction  on  the  matrix  is 
needed  for  liberation  of  the  spores 
(Tisserat  et_   al_.  ,  1981). 

Many  of  the  spores  liberated  from  branch 
and  stem  cankers  during  rainfall  are  washed 
down  the  tree  trunk  in  stem  flow  water.   The 
quantity  of  conidia  in  stem  runoff  was 
determined  by  placing  water-tight  funnel 
traps  around  the  main  trunk  of  two  cankered 
trees  (dbh  20  cm)  at  a  height  of  1  meter. 
After  periods  of  rainfall,  stem  runoff 
collected  in  the  funnels  was  siphoned  into  1 
liter  plastic  bottles.   The  runoff  water 
then  was  centrifuged  at  8,000  g  for  20 
minutes  to  sediment  the  S_.  clavigignent i- 
juglandacearum  conidia  and  other 
particulates.   The  sediment  was  resuspended 
in  a  mixture  (5:1  v:v)  of  distilled  water 
and  trypan  blue  in  lacto-phenol  (for  easier 
identification  of  the  spores).   The 
concentration  of  S_.  clavigignent  i- 
juglandacearum  spores  in  the  suspension  was 
determined  with   a  light-field 
haemacytometer ,  and  the  number  of  spores/ml 


Table  2  Mean  number  of  J>.  clavigignent i- 
juglandacearum  spores/ml  in 
stem-runoff  water  from  two  heavily 
cankered  butternut  trees  for  3 
rainfall  dates  in  1980. 


Number  of  spores/ml  stem-runoff  ±J 

6/27/80     7/4/80      7/16/80 

Tree  1    5.2  x  102   2.3  x  102   2.5  x  102 
Tree  2    1.3  x  104   2.2  x  104    1.5  x  103 

y   Mean  of  two  samples, five  counts  per 
sample. 


One  of  the  unique  symptoms  of  this  disease 
is  the  formation  of  basal  stem  and  buttress 
root  cankers.   Basal  cankers  may  extend  below 
the  soil  line  to  a  depth  of  30  cm,  but  appear 
to  progress  laterally  for  only  a  few  cm  on  the 
roots  before  marginal  callus  forms.   The 
girdling  of  the  cambial  regional  at  the  base 
of  the  tree  by  multiple  cankers  is  often  the 
cause  of  tree  death,  rather  than  girdling 
occurring  higher  on  the  trunk. 

Buttress  roots  also  may  become  heavily 
cankered.  Roots  exposed  at  the  soil  line  have 
been  found  to  be  cankered  up  to  2  m  from  the 
trunk,  but  cankers  on  roots  below  the  soil 
line  have  not  been  detected.   The  possibility 
of  tree-to-tree  spread  of  the  fungus  through 
root  grafts  is  being  studied. 

The  spores  of  £5.  clavigignent  i- 
juglandacearum  also  can  be  carried  from  tree 
to  tree  in  rainsplash  droplets  resulting  in 
new  infections.   Spore  dispersal  gradients 
from  an  isolated  pocket  of  diseased  butternuts 
were  determined  by  placing  rotorod  spore  traps 
at  7.5  m  intervals  to  30  m  downwind   from  the 
trees.   The  number  of  spores  impacted  on  the 
traps  during  rainfall  was  plotted  against  the 
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distance  the  traps  were  placed  from  the 
inoculum  source  (Fig.  1).   Spore  numbers 
decreased  rapidly  as  the  distance  increased 
from  the  inoculum  source,  but  some  conidia 
were  trapped  at  30  m.   The  curve  is  hollow 
shaped,  similar  to  curves  of  many  airborne 
fungal  spore  and  pollen  dispersal  gradients. 
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Figure  1.   Average  number  of  S_.  clavigignent i- 
jug land ace a rum  spores  caught  during  five 
rainfall  periods  (1980)  on  rotorod  traps 
positioned  up  to  30  m  from  a  diseased  pocket 
of  butternuts. 

Spore  dispersal  curves  may  be  useful  in 
determining  eradication  distances  needed  to 
prevent  the  influx  of  inoculum  into  healthy 
butternut  stands.   Similar  curves  have  been 
used  to  define  the  zone  for  Ribes  eradication 
in  white  pine  blister  rust  control  programs 
(Van  Arsdel,  1961).   Based  on  our  present 
results,  we  recommend  that  all  diseased 
butternuts  should  be  cut,  removed,  and 
destroyed  for  at  least  a  60  m  radius  from  a 
healthy  butternut  stand  or  black  walnut 
plantation.   Butternuts  and  black  walnuts 
should  not  be  planted  under  or  near  diseased 
butternuts.   While  these  control  measures 
should  reduce  the  amount  of  inoculum  reaching 
healthy  butternuts  and  black  walnuts,  they  may 


not  eliminate  infection  since  it  is  not  known 
whether  insects  or  other  vectors  also  aid  in 
spore  dissemination. 

To  determine  environmental  conditions 
favorable  for  infection,  groups  of  30  potted 
butternut  seedlings  were  placed  among  cankered 
trees  in  the  woods  at  two-week  intervals  (May 
through  October,  1980).   After  each  two-week 
period,  the  respective  seedlings  were  brought 
back  to  the  greenhouse  and  observed  for 
symptoms  of  butternut  canker.   Most  naturally 
invected  seedlings  showed  initial  symptoms 
witnin  2  weeks.   Nevertheless,  all  seedlings 
were  held  in  the  greenhouse  to  observe  canker 
development . 

None  of  the  seedlings  placed  in  the  woods 
prior  to  August  1  became  diseased.   Some 
seedlings  placed  out  from  August  1  through 
October  became  infected  and  subsequently  were 
killed  by  the  fungus.   Leaf  scars  appeared  to 
be  the  major  infection  court,  but  lesions  also 
developed  at  lenticels  and  at  the  root  collar 
on  several  trees.   Initial  symptoms  appeared 
as  small  black  necrotic  flecks  which  rapidly 
expanded  to  dark  brown  ellipitical  lesions. 
Bark  cracking  was  commonly  observed  at  the 
lesions,  followed  by  an  inky  exudate  from  the 
opening.   The  root  collar  or  basal  stem 
lesions  progressed  into  the  root  itself 
causing  black  irregular  lesions  on  the  main 
tap  root  of  young  seedlings. 
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Canker  development 

Canker  development  was  studied  in  a 
plantation  of  butternuts  at  the  University  of 
Wisconsin  Arlington  Experimental  Farm.   Ten 
trees  were  inoculated  bi-weekly  from  May  1 
through  October  10,  1980,  by  puncturing  three 
leaf  scars  on  a  healthy  branch  with  a 
dissecting  needle  and  placing  approximately 
.05  ml  of  a  spore  suspension  (10°  Sirococcus 
spores/ml  water)  on  the  wound.   Cankers  formed 
on  branches  after  all  inoculation  dates.   Two 
types  of  canker  development  were  noted.   In 
the  first  type,  lesions  appeared  discrete, 
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sunken,  and  were  bounded  by  a  callus  layer. 
Cankers  of  this  type  progressed  slowly  and  the 
branches  were  still  alive  after  six  months. 
In  the  second  type,  fungus  invasion  and 
colonization  of  the  branch  after  inoculation 
occurred  rapidly.   Some  branches  were  killed 
and  hyphal  pegs  were  produced  in  as  little  as 
one  month  after  inoculation.   No  distinct 
canker  margin  was  noted  on  these  branches. 
The  reason  for  the  difference  in  reaction 
types  is  not  known,  but  it  was  noted  that 
those  inoculated  branches  that  died  rapidly 
were  partially  shaded  or  were  located  on  the 
lower  portion  of  the  tree.   The  shaded 
branches  may  have  been  physiologically 
stressed  and  were  more  susceptible  to 
colonization  by  the  fungus.   In  other  cases, 
no  cankers  developed  until  the  spring 
following  inoculation  in  late  summer. 

Inoculum  source 

To  determine  whether  felled  trees  could 
serve  as  important  inoculum  sources,  five 
heavily  cankered  trees,  8-11  cm  in  diameter 
and  8-11  m  tall,  were  cut  and  placed  on  the 
forest  floor  (February  ,  1980).   By  June  1, 
1980,  all  cut  trees  showed  evidence  of 
extensive  colonization  and  sporulation  by  S_. 
clavigignent  i-juglandacearum,  even  beyond  the 
originial  canker  margins.   Large  quantities  of 
spores  were  produced.   Therefore,  infected 
trees  should  be  removed  from  the  site  to 
prevent  inoculum  buildup.   Present  studies 
seek  to  determine  if  basal  stem  girdling  or 
poisoning  of  diseased  trees  will  hasten  bark 
shedding  and  tree  drying  and  thereby  reduce 
sporulation  by  the  fungus. 


CONCLUSION 


traveling  in  aerosols,  or  both  may  be  involved. 

Infection  and  canker  development  after 
artificial  inoculation  can  occur  at  any  time 
during  the  summer.   Twigs  and  small  branches 
can  be  killed  in  as  little  as  one  month.   In 
1980,  a  major  infection  of  noninoculated , 
potted  seedlings  placed  under  diseased  trees 
occurred  during  rainy,  humid  conditions  from 
August  1  through  October.   These  dates 
corresponded  with  senescence  and  leaf  drop. 
Fresh  leaf  scars  are  known  to  be  infection 
courts  of  the  fungus.   From  such  late  summer 
and  fall  infections,  cankers  appear  and 
develop  rapidly  the  following  spring. 

The  fungus  sporulates  heavily  on  recently 
killed  or  cankered  trees,  either  standing  or 
felled,  which  serve  as  a  potential  inoculum 
reservior.   In  order  to  prevent  inoculum 
buildup,  dead  or  dying  trees  should  be  removed 
from  the  site.   Walnuts  and  butternuts  should 
not  be  planted  under  or  near  cankered  trees. 
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Spores  of  the  fungus  Sirococcus 
c lavigignent  i-juglandacearum  are  liberated 
during  rainfall  by  rain  splash  impaction.   A 
high  concentration  of  spores  from  cankered 
branches  are  washed  down  the  tree  trunk  via 
stemflow  water,  leading  to  multiple  infections 
of  the  same  tree.   The  multiple  cankers 
eventually  girdle  the  cambium  resulting  in  the 
death  of  the  tree.  The  girdling  often  occurs 
at  the  base  of  the  tree  (at  the  soil  line) 
rather  than  higher  on  the  trunk. 

Short  distance  dispersal  of  inoculum 
occurs  when  splash  droplets  containing  spores 
are  windblown  from  tree  to  tree.   Spores  have 
been  trapped  30  m  from  a  diseased  pocket  of 
butternuts  during  rainfall,  although 
observations  of  natural  spread  among  butternut 
plantings  indicate  spores  travel  even  greater 
distances.   Mechanisms  of  long  distance 
dispersal  of  the  fungus  are  not  known  but  it 
has  been  postulated  that  vectors,  spores 


Nair,  V.  M.  G. ,  Kostichka,  C.  J.,  and  Kuntz, 
J .  E . .   1979.   Sirococcus  clavigignent i- 
jug land ace a rum:   An  undescribed  species 
causing  canker  on  butternut.   Mycologia 
71:641-646. 

Nicholls,  T.  H.   1979.   Butternut  canker. 
Pages  73-82,   _in  Walnut  Insects  and 
Diseases.   Workshop  Proc.  U.S.  Dept. 
Agric.  For.  Serv.  Gen.  Tech.  Rept.  NC-52. 
100  p. 

Prey,  A.  J.,  and  Kuntz,  J.  E.  .   1981. 
Distribution  and  impact  of  butternut 
canker  in  Wisconsin.   Proc.  Joint  Mtg. , 
Walnut  Council  and  Northern  Nut  Growers 
Assoc,  Aug.  9-14,  1978,  Purdue  Univ.,  W. 
Lafayette,  IN.   (To  be  published). 


21 


Renlund,  D.  W.   1971.   Forest  pest  conditions 
in  Wisconsin.   WI.  Dept.  Nat.  Resour.  Ann. 
Rep.   1971.   53  p. 

Tisserat,  N. ,  Nicholls,  T.  H. ,  and  Kuntz,  J. 
E.   1981.   Spore  liberation  and  dispersal 
of  Sirococcus  clavigignenti-juglandacearuro. 
(Abst.)   Phytopathology  71:261. 

Van  Arsdel,   E.P.   1961.   Growing  white  pine 
in  the  Lake  States   to  avoid  blister  rust. 
U.  S.  Dept.  Agric.  For.  Serv.   Lake  States 
Exp.  Stat.   Pap.  92.   11  p. 


22 


THE  DISTRIBUTION  AND  IMPACT  OF  BUTTERNUT  CANKER 

IN  WISCONSIN1 

A.  J.  Prey  and  J.  E.  Kuntz2 


Widespread  dying  of  butternut  (Juglans  cinerea  L. )  was 
reported  in  1967  in  southwestern  Wisconsin.   Since  then,  this 
canker-dieback  disease,  incited  by  the  fungus  Sirococcus 
clavigignenti-juglandacearum  Nair  e_t  a_l,  has  been  found 
throughout  eastern  U.S.A.   Diagnostic  symptoms  have  been 
described,  the  disease  cycle  clarified,  and  the  host  range 
expanded.   Current  studies  concern  disease  epidemiology  and 
possible  disease  resistance  in  butternut  and  other  Juglans 
species. 


INTRODUCTION 

Widespread  dying  of  butternut  (Juglans 
cinerea  L. )  first  was  reported  in 
southwestern  Wisconsin  in  1967  (Camp,  1967; 
Renlund,  1971).   The  number  and  extent  of 
the  diseased  areas  and  the  deterioration  of 
the  dead  trees  indicated  that  the  disease 
had  been  active  for  several  years  (Kuntz  e_t 
al. ,  1977).   Canker-dieback  since  has  been 
found  throughout  the  range  of  butternut  in 
eastern  United  States  (Anderson,  1978;  USDA, 
1976;  USDA,  1977a;  USDA,  1977b)  and  the 
fungus  pathogen  has  been  isolated  from 
diseased  specimens  collected  in  Indiana, 
Illinois,  Iowa,  Michigan,  Missouri, 
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Minnesota,  Ohio,  and  Wisconsin. 

An  initial  examination  of  diseased  trees 
indicated  that  Melanconium  oblongum  Beck  was 
associated  with  branch  dieback  and  fruited 
abundantly  on  dead  branches.   However, 
distinct  cankers  also  were  present  on  both 
living  branches  and  trunks.   In  contrast, 
Graves  description  in  1923  (Graves,  1923)  of 
the  Melanconis  disease  in  Connecticut 
specifically  stated  that  no  well  marked 
lesions  or  cankers  were  found  with  the 
Melanconis  dieback.   Moreover,  recent 
inoculations  of  young  butternut  seedlings 
and  saplings  with  M.  oblongum  failed  to 
incite  either  branch  or  stem  cankers.   The 
fungus  is  considered  a  weak  parasite  that 
needs  a  stressed  host  to  permit  its 
development  (Hepting,  1971).   Melanconis 
dieback  also  was  reported  on  black  walnut, 
J.  nigra  L. ,  and  other  Juglans  species 
(Graves,  1923). 

Diagnostic  symptoms  of  butternut  canker 
include  discrete,  elliptical  cankers  of  both 
bark  and  wood  of  twigs,  branches,  stems,  and 
even  exposed  buttress  roots  (Kuntz  et  al. , 
1977;  Kuntz  et  al. ,  1979;  Nicholls  et  al. , 
1979).   Young  cankers  commonly  originate  at 
leaf  scars,  other  natural  openings  such  as 
lenticels,  buds,  bark  wounds  including 
insect  wounds,  natural  bark  cracks,  and 
occasionally  at  points  apparently  free  of 
any  injury.   Older  cankers  on  trunks  are 
large,  open  or  partly  covered  by  shredded 
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bark,  vertically  oriented,  and  perennial. 
Cankers  of  different  ages  and  sizes  commonly 
occur  on  the  same  tree.   Some  stem  cankers 
have  persisted  for  several  years  as 
evidenced  by  the  repeated  layers  of  annual 
callus  and  by  differential  growth-ring 
counts.   In  many  cases,  their  origin  is 
unknown.   However,  adventitious  buds,  dead 
branches,  and  branch  stubs  are  present  in 
the  centers  of  some  cankers. 


matrix,  or  a  spore  suspension  in  water 
incited  lesions  on  midribs  and  petioles  of 
leaves  and  cankers  on  branches,  stems,  and 
roots  of  butternut  and  black  walnut 
seedlings  and  saplings  (Kuntz  and  Prey, 
1978).   Both  hyphal  pegs  and  sporulating 
pycnidia  frequently  formed  on  the  thin 
fungus  stroma  beneath  loosening  outer  bark 
of  inoculated  seedlings  and  saplings. 


Peeling  the  bark  from  branches  and 
trunks  may  disclose  dark  brown  to  black 
inner  bark  and  wood  of  undetected  cankers. 
Older  cankers  often  bear  shredded  bark 
underlain  with  blackened  wood,  may  be 
bordered  by  repeated  callus  layers,  and 
frequently  coalesce  to  girdle  branches  and 
stems.   Branch  suckers  and  trunk  sprouts 
often  develop  below  the  girdled  portion,  are 
readily  infected,  and  die  shortly 
thereafter.   Sprouts  are  infected  commonly 
in  the  fall  through  leaf  scars  and  small, 
irregular  lesions  or  large  dark  areas 
develop  rapidly  early  the  following  spring. 
Infection  of  lenticels  result  in  tiny, 
round,  chocolate  brown  lesions  of  the  bark. 
Initially  only  the  outer  bark  is  infected, 
but  soon  the  wood  is  invaded  ( Jutte  e_t  a_l.  , 
1978).   On  older  trees,  in  the  spring  and 
early  summer,  an  inky  black  exudate  issues 
from  canker  fissures;  later  in  summer,  sooty 
black  patches  remain.   Often  the  exudate 
also  indicates  initial  infections  and 
incipient  cankers.   Eventually,  infected 
trees  die. 


MATERIAL  AND  METHODS 

Wisconsin's  1968  Timber  Resource  Survey 
(Spencer  and  Thorne,  1972)  was  used  to 
locate  forest  inventory  plots  containing 
butternut.   A  maximum  of  five  one-fifth-acre 
plots  per  county  was  selected  and  examined 
by  U.  S.  Forest  Service  and  WDNR  field  crews 
in  1976.   Where  possible,  up  to  50  butternut 
trees  were  examined  on  or  adjacent  to  each 
plot.   Data  were  recorded  as  to  general  tree 
health,  canker  incidence,  limb  or  top 
dieback,  and  death  from  cankering  or  other 
causes.   Trees  also  were  grouped  into 
poletimber  (<  10  inches  or  25  cm  dbh)  and 
sawtimber  (  >  10  inches  or  25  cm  dbh) 
classes.   Dying  or  cankered  branches  were 
collected  from  diseased  trees  in  each  plot. 
Isolations  for  possible  pathogens  (Kuntz  e_t 
al .  ,  1977;  Nicholls  et  a_l . ,  1979)  were  made 
in  the  laboratory  on  acidified  potato 
dextrose  agar  (PDA)  medium. 


RESULTS 


It  is  now  known  (Jutte  et  al_.  ,  1978; 
Nair  et  al.,  1978;  Nair  et  al.,  1979)  that 
under  the  outer  bark,  the  causal  fungus 
forms  a  thin,  black  mycelial  stroma  from 
which  arise  hyphal  pegs  and  pycnidia. 
Spores  are  extruded  either  in  sticky  masses 
or  as  fine,  hairlike  cirri.   Spores  are 
dispersed  by  rain  or  mist  and  disseminated  by 
wind  (Nicholls,  1979;  Tisserat  et  al. , 
1981).   The  role  of  insects  and  other 
possible  vectors  remains  unknown. 

In  1969,  studies  were  initiated  on  the 
etiology  and  epidemiology  of  butternut 
canker  (Kuntz  et_  al_ .  ,  1979).   The  causal 
fungus,  coded  BN-5  and  identified  as  a  new 
Sirococcus  species  (Nair  e_t  al,  1978;  Nair 
et  al. ,  1979),  was  readily  isolated  in  pure 
culture  on  common  nutrient  media  from  both 
bark  and  wood.   The  pathogen  grew  best  at 
24-28  C  in  light  or  dark;  formed 
characteristic  mycelial  colonies,  hyphal 
pegs,  and  pycnidia  in  culture;  and 
sporulated  profusely,  especially  when 
growing  on  thin  malt  agar.   Inoculations  of 
fresh  wounds  with  mycelium,  the  spore 


A  total  of  2,882  butternut  trees  were 
examined  on  or  adjacent  to  83  study  plots  -in 
33  counties.   Of  all  trees  examined,  44% 
appeared  healthy,  30.9%  were  stom-cankered , 
42.1%  exhibited  some  degree  of  branch 
cankering  and  dieback,  and  8.7%  already  were 
dead.   Of  all  trees  examined,  61.8%  were 
classed  as  poles  and  38.2%  were  sawtimber. 
Of  the  poles,  34.5%  were  cankered;  of  the 
sawtimber,  25.1%  were  cankered. 

In  several  counties  in  northeastern 
Wisconsin,  no  cankered  trees  were 
discovered.   In  contrast,  in  southwestern 
Wisconsin  counties,  as  many  as  80%  of  the 
butternuts  were  cankered  and  32%  were  dead. 
The  fungus  pathogen  was  isolated  from  most 
cankers  collected  in  western  and 
southwestern  Wisconsin  but  not  from  trees  in 
eastern  Wisconsin.   In  addition,  the  fungus 
was  isolated  from  cankered  butternuts  in 
Iowa,  Michigan,  Minnesota,  and  Wisconsin. 
Meanwhile,  M.  oblongum  was  found  on  many 
dead  branches  throughout  the  range  of 
butternuts  in  Wisconsin. 
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Cankers  were  found  on  all  woody  parts  of 
diseased  butternuts.   Cankers  developed  on 
trees  growing  on  many  different  soils  and 
sites,  including  dry,  infertile  ridgetops 
with  shallow  soils  as  well  as  in  moist, 
fertile  bottom  lands  with  deep  soil.   Trees 
of  all  ages  and  sizes  growing  in  mixed  and 
relatively  pure  stands  were  diseased. 
Infected  trees  occurred  either  in  local 
pockets  or  over  fairly  extensive  areas.   In 
these  disease  areas,  occasional  butternuts 
appeared  canker-free  and  healthy.   So  far, 
small  branch  and  stem  cankers  have  been 
detected  on  a  few  black  walnuts  growing  in 
mixed  stands  with  severely  infected 
butternuts.   The  fungus  pathogen  was 
isolated  from  cankered  walnuts.   Walnut 
isolates,  wound-inoculated  into  butternut 
and  walnut  seedlings  and  saplings,  incited 
typical  perennial  branch  and  stem  cankers. 
Especially  with  black  walnuts,  many 
inoculated  branches  died  without  forming 
distinct  cankers.   The  fungus  has  been 
reisolated  repeatedly  during  a  6-year  period 
from  perennial  cankers  on  walnut  stems. 


DISCUSSION 


cankered  trees  (Orchard,  1981).   Whether 
such  trees  are  "disease  escapes"  or  are 
resistant  to  attack  by  the  fungus  pathogen 
is  unknown.   Branch  and  stem  cankers  are 
detected  infrequently  on  black  walnuts  in 
woodlands  even  though  artificial 
inoculations  have  incited  cankers  on  walnut 
seedlings  and  saplings.   Most  cankers 
develop  slowly,  forming  marginal  callus. 
However,  infected  branches  frequently  die 
without  forming  distinct  cankers. 
Hopefully,  most  black  walnuts  will  remain 
canker-free.   Otherwise,  the  increasing 
number  of  walnut  plantings  in  the  Midwest 
would  be  in  grave  danger. 

The  formulation  of  effective  control 
measures  must  await  further  information,  but 
certain  silvicultural  controls  already  are 
indicated.   Meanwhile,  do  not  plant  walnuts 
or  butternuts  under  or  near  infected 
butternuts.   Canker  distribution  and  impact 
in  Wisconsin  has  been  determined,  the  causal 
fungus  has  been  identified,  and  its  means  of 
spread  have  been  clarified.   Present 
research  seeks  to  clarify  conditions 
favoring  infection  and  disease  development 
(Kuntz  et  al.,  1979). 


Butternut  occurs  throughout  the  northern 
two-thirds  of  eastern  United  States  under  a 
wide  range  of  soils  and  climatic  conditions 
(Schroeder,  1972).   Although  it  grows  best 
on  rich,  deep  moist  soil,  butternuts  grow 
faster  than  do  walnuts  on  dry,  rocky  soil. 

Although,  butternut  is  a  minor  species 
in  Wisconsin  (18.3  million  cu.  ft.  net 
volume  of  growing  stock)  (Spencer  and 
Thorne,  1972),  select  butternut  lumber  is 
second  only  to  walnut  in  economic  value 
(Peterson,  1977).   In  1967,  343,000  cu.  ft. 
of  butternut  were  harvested,  compared  to 
292,000  cu.  ft.  of  black  walnut  (Spencer  and 
Thorne,  1972).   In  fact,  Wisconsin  ranks 
second  in  the  amount  of  butternut  found  in 
the  United  States  and  is  a  major  producer  of 
butternut  lumber,  used  primarily  for 
furniture,  cabinets,  and  other  fine  woodwork 
(Schroeder,  1972;  Spencer  and  Thorne,  1972). 
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REACTIONS  OF  JUG LANS  SPECIES  TO  BUTTERNUT  CANKER  AND  IMPLICATIONS 
FOR  DISEASE  RESISTANCE1 

L.  P.  Orchard,  J.  E.  Kuntz,  and  K.  J.  Kessler,  Jr.2 


Butternut  canker,  caused  by  the  fungus  Sirococcus 
c  la  vigignenti-jug  land  ace  arum  Nair  e_t  a_l,  is  the  most 
important  disease  of  butternut  (Juglans  cinerea  L.). 
Infected  butternuts  often  have  many  cankers  and  severely 
cankered  trees  die.   Several  economically  important  species 
belong  to  the  genus  Juglans.   In  order  to  determine  their 
relative  resistance  or  susceptibility,  saplings  of  several 
Juglans  species  and  hybrids  were  wound-inoculated  under  field 
conditions  at  the  U.S.F.S.  Tree  Improvement  Center, 
Carbondale,  Illinois.   Cankers  developed  on  all  inoculated 
species  and  hybrids  including  trees  of  J_.  nigra ,  J_.  regia,  J. 
sieboldiana,  J.  regia  x  nigra,  and  J_.  sieboldiana  x  c  inerea. 
Nine  months  after  inoculation  the  largest  cankers  had 
developed  on  J_.  regia  which  appeared  to  be  highly  susceptible 
to  the  canker  fungus  pathogen. 


INTRODUCTION 

Butternut  canker,  caused  by  the  fungus 
Sirococcus  c lavigignent i-juglandacearum  Nair 
e_t  aj_.  (1979),  is  the  most  important  disease 
of  butternut  (Juglans  cinerea  L. ) .   The 
disease  was  noticed  first  in  Wisconsin  in 
1967  (Renlund,  1971).   In  1978,  Anderson  and 
LaMadeleine  (1978)  reported  its  occurrence 
throughout  the  range  of  J_.  c  inerea  in  the 
eastern  United  States. 

On  butternut,  the  fungus  incites 
perennial  cankers,  of  various  sizes  and 
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ages,  which  can  occur  at  all  heights  on  the 
twigs,  branches,  and  stems.   In  the  spring, 
a  thin  black  fluid  exudes  from  cracks  in  the 
bark;  it  stains  the  bark  brown.   This  is 
often  the  easiest  way  to  detect  young 
cankers.   The  wood  beneath  the  exudate  is 
stained  dark  brown  to  black  in  a  vertically 
oriented,  elliptical  pattern.   Young  cankers 
on  branches  appear  as  dark,  irregularly 
elongate,  sunken  areas  frequently  associated 
with  a  leaf  scar,  lenticel,  or  various 
wounds.   Older  cankers  are  perennial, 
fusiform,  vertically  oriented,  and  may  be 
wholly  or  partially  covered  with  shredded 
bark.   The  fungus  produces  a  thin  stroma  in 
the  bark  from  which  hyphal  pegs  and 
spore-bearing  pycnidia  form  under  the 
loosening  outer  bark  (Kuntz  e_t  aj^.  ,  1979). 
Infected  trees  usually  bear  numerous  cankers 
and  often  die  as  a  result. 

In  some  stands  all  the  infected 
butternut  trees  have  died,  but  in  other 
stands  one  or  several  apparently  healthy 
trees  remain.   These  canker-free  trees  are 
found  in  infection  pockets  where  inoculum  is 
abundant,  which  suggests  that  they  may  be 
resistant  to  the  pathogen. 
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In  addition  to  butternut,  several 
economically  important  species  belong  to  the 
genus  Juglans.   These  include  black  walnut 
(J   nigra  L.),  Persian  walnut  (J.  regia  L.), 
and  Japanese  walnut  (J.  ailantifolia  Carr. ) 
(Smith,  1953). 

In  order  to  determine  their  relative 
resistance  or  susceptibility  to  butternut 
canker,  trees  of  these  species  and  some  of 
their  hybrids  were  wound-inoculated  with  £. 
clavigignent  i- juglandacearum  under  field 
conditions  at  the  U.S.D.A.  U.S.  Forest 
Service  Tree  Improvement  Center,  Carbondale, 
Illinois. 


MATERIALS  AND  METHODS 

In  October,  1979,  certain  Juglans 
species  and  hybrids,  10-20  years  old,  (Table 
1)  were  branch-inoculated  with  mycelium  and 
spores  of  S^  clavigignent  i-juglandacearum. 
Inoculated  branches  were  generally  1-3  cm  in 
diameter. 

Six  tangential  slanting  knife  wounds, 
approximately  1-2  cm  long,  were  made  through 
the  bark  and  into  the  sapwood  on  each  tree 
tested.   Four  wounds  were  used  for 
inoculations,  and  two  served  as 
noninoculated  controls.   Usually,  the 
inoculated  wounds  were  made  on  one  branch 
and  the  control  wounds  were  made  on  another 
branch,  but  sometimes  the  control  wounds 
were  made  distal  to  the  inoculated  wounds  on 
the  same  branch.   Immediately  after 
wounding,  a  piece  of  mycelial  colony  of  the 
pathogen  growing  on  agar  was  inserted  into 
each  of  the  four  wounds  used  for 


inoculation.   For  controls,  a  piece  of 
sterile  agar  alone  was  inserted  into  each  of 
the  two  control  wounds.   The  wounds  were 
wrapped  with  wet  cotton  and  covered  loosely 
with  aluminum  foil. 

In  the  spring  of  1980,  the  inoculations 
were  observed  for  canker  development,  and  on 
July  31,  1980,  all  the  inoculations  were 
examined,  cankers  were  measured,  and 
symptoms  were  described. 


RESULTS 

Cankers  began  to  appear  and  the  fungus 
pathogen  was  reisolated  in  the  early 
spring.   Both  confirm  our  observation  of 
similar  fall  infections  and  rapid  canker 
development  in  the  spring  on  trunk  sprouts. 
By  July  31,  1980,  cankers  had  developed  on 
all  species  and  hybrids  which  had  been 
inoculated  in  October  1979  (Table  1).   The 
cankers  were  distinctive  for  each  species  of 
Juglans .   No  cankers  developed  at  any  of  the 
noninoculated  control  wounds.   J. 
ailantifolia  is  now  the  accepted  name  for 
Japanese  walnut  and  is  synonymous  with  J. 
sieboldiana  and  J_.    sieboldiana  var. 
cordif ormis  (Brinkman,  1974;  McDaniel, 
1979).   In  order  to  preserve  information, 
however,  the  taxonomic  designations  below 
follow  those  used  at  the  Tree  Improvement 
Center. 

Characteristic  symptoms  and  signs  of 
butternut  canker  for  each  species  were  as 
follows: 


Table  1.   Canker  development  following  branch  inoculations  of  Juglans 
species  and  hybrids. 

Species 


J. 

nigra 

J. 

regia 

J. 

regia  x  nigra 

J. 

sieboldiana 

J. 

sieboldiana 

var 

cord  if ormis 

J. 

sieboldiana 

X 

cinerea 

J. 

c  ordif ormis 

X 

cinerea 

J. 

cinerea 

x  cordiformis 

Trees 

Cankers 

Me 

an  cai 

Inoculated 

measured  *■ 

le 

ngth 

15 

46 

16.5 

15 

51 

19.5 

15 

58 

18.0 

8 

28 

14.0 

9 

34 

10.5 

3 

8 

14.0 

5 

18 

15.5 

6 

12 

19.0 

*  Cankers  were  not  measured  on  branches  that  had  been  killed, 
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J.  nigra 

Cankers  were  usually  externally 
indistinct,  but  were  detected  as  a 
discoloration  of  the  inner  bark.   Cankers 
were  elliptical;  chocolate  brown  exudate 
and/or  a  dry  black  "soot"   appeared  on  some 
canker  faces;  branches  1  cm  in  diameter  or 
smaller  were  killed;  and  hyphal  pegs  were 
produced  beneath  loosening  bark  on  these 
dead  branches. 


J.  sieboldiana  x  c inerea  and 
J.  cordif ormis  x  c  inerea 

Cankers  were  distinct,  sunken,  and 
slightly  discolored.   Small  branches  (2  cm) 
were  killed  and  dead  branches  bore  hyphal 
pegs.   Cankers  resembled  those  formed  on  J. 
sieboldiana . 


J.  cinerea  x  cordiformis 


J.  regia 

Cankers  were  slightly  sunken  to  flat, but 
with  distinct  margins,  often  appearing 
blue-gray  in  color,  elliptical  in  shape,  and 
extending  for  roughly  equal  distances  up  and 
down  the  branch  from  the  inoculation  point. 
The  bark  often  was  cracked  in  the  tissue 
alongside  the  canker.   A  chocolate  brown 
exudate  and/or  a  patch  of  sootiness  appeared 
on  some  canker  faces.   Branches  1  cm  in 
diameter  died,  and  characteristic  hyphal 
pegs  developed  under  loosening  bark  on  these 
dead  branches.   Branches  3  cm  in  diameter 
were  approximately  3/4  girdled. 


.J.  regia  x  nigra 

Cankers  resembled  those  on  J_.  regia. 
Cankers  were  sunken,  distinct,  blue-gray  in 
color,  with  longitudinal  bark  cracking  both 
adjacent  to  and  within  the  canker.   Hyphal 
pegs  were  present  occasionally  on  living 
branches . 


J.  sieboldiana  and  J_.  sieboldiana 
var .  cord  if ormis 

Cankers  varied  from  indistinct,  slightly 
sunken  cankers  to  distinct,  discrete,  sunken 
to  flat  cankers.   The  branches  often  were 
swollen  in  the  canker  region  with  bark 
cracking  alongside  the  canker.   Occasionally 
there  was  a  trace  of  sootiness  on  the  canker 
face.   On  one  tree  of  J.  sieboldiana  var. 
cordiformis ,  the  inoculated  wounds 
completely  sealed  and  were  indistinguishable 
from  the  check  wounds  except  that  the  inner 
bark  of  the  inoculated  wounds  was  discolored 
(as  with  all  inoculations),  whereas  the 
inner  bark  of  the  noninoculated  checks  was 
not  discolored.   Branches  up  to  2  cm  in 
diameter  were  killed,  and  hyphal  pegs  formed 
on  the  dead  branches. 


Cankers  resembled  those  formed  on  J_. 
c  inerea.   Cankers  were  smooth,  slightly 
sunken,  light  blue  to  gray  often  with  a 
sooty  patch,  'with  abundant  hyphal  pegs,  and 
little  callus  production  along  the  canker 
margin. 


DISCUSSION 

The  collection  of  Juglans  species  at  the 
Tree  Improvement  Center  at  Carbondale, 
Illinois  provided  trees  to  inoculate  under 
field  conditions  within  the  known  range  of 
the  pathogen.   The  potential  threat  of  j>. 
clavigignent  i-juglandacearum  to  Juglans 
species  is  great.   With  the  exception  of  one 
tree  (J.  sieboldiana  var.  cordiformis) , 
cankers  developed  at  every  wound  inoculation 
on  every  tree,  or  the  branch  was  killed  by 
girdling  before  a  discrete  canker  formed. 
We  realize  that  our  technique,  i.e.  direct 
inoculation  of  a  wound  with  mycelium  and 
spores  of  the  pathogen,  may  mask  some 
mechanisms  of  disease  resistance.   Such 
factors  as  low  sporulation,  inability  of  the 
inoculum  to  spread,  adverse  environment,  or 
barriers  to  penetration  could  dramatically 
affect  the  course  of  the  disease  in  the 
field.   Nevertheless,  given  the  high  value 
of  the  trees,  a  severe  technique  established 
their  resistance  or  susceptibility  to 
cankering  once  infected.   Factors  which  can 
influence  disease  incidence  and  severity  for 
these  species  must  be  the  subject  of  future 
investigations. 


THE  IMPORTANCE  OF  S.  CLAVIGIGNENTI- 

JUGLANDACEARUM  TO  THE  MAJOR 

JUGLANS  SPECIES 

Black  Walnut 

Kuntz  et  al.  (1979)  reported  that  black 
walnut  is  infected  only  infrequently  in 
natural  woodlands,  but  that  artificial 
inoculations  in  experimental  nurseries 
produce  progressive,  killing  stem  cankers  on 
black  walnut  seedlings  and  branch  cankers  on 
saplings.   Following  our  inoculations, 
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cankers  developed  on  black  walnut;  also 
inoculated  branches  of  black  walnut  were 
killed  more  often  than  were  those  of  other 
species  tested.   Current  studies  seek  to 
determine  whether  infected  black  walnut 
branches  die  more  often  and  more  quickly 
than  do  infected  branches  of  other  Juglans 
species.   If  infected  walnut  branches  do  die 
rapidly,  a  hypersensitive  reaction  may 
exist.   Such  quick  killing  of  infected  host 
tissue  might  restrict  further  development  of 
the  pathogen  and  account  for  the  low 
frequency  of  cankered  walnuts  in  natural 
forest  stands.  Meanwhile,  new  plantings  of 
black  walnuts  should  not  be  made  under  or 
near  cankered  butternuts. 

Persian  Walnut 

J.  regia  appears  to  be  highly  suscep- 
tible to  S.clavigignent i-juglandacearum.   At 
the  Tree  Improvement  Center  the  longest 
cankers  developed  on  this  species.   Because 
of  this,  butternut  canker  may  become  a 
serious  disease  through  much  of  the  world 
where  this  commercially  important  species  is 
grown. 


Butternut 

Butternut  is  highly  susceptible  to  S. 
clavigignenti-juglandacearum  in  all  stages 
of  growth;  it  may  become  an  endangered 
species  (Anderson  and  LaMadeleine,  1978). 
Canker-free  butternuts  do  occur  in  infection 
pockets  and  may  be  resistant.   Orchard  e_t 
al.  (1981)  and  Orchard  (1981)  reported  a 
possible  form  of  resistance  in  young 
butternut  seedlings  in  which  cankers  do  not 
develop  in  certain  infected 
seedlings. Reasons  for  survival  of 
asymptomatic  seedlings,  though  infected,  are 
sought.   Whether  this  reaction  can  be  a 
significant  source  of  resistance  in  breeding 
programs  is  not  yet  known.   Butternut  is  an 
attractive  and  useful  nut  tree  that  is  hardy 
in  the  northern  United  States  and  southern 
Canada,  but  butternut  canker  must  be 
controlled  if  this  species  is  to  be 
exploited.   The  role  of  environmental 
conditions,  especially  stress  factors  that 
may  favor  or  inhibit  infection  and  disease 
development,  and  possible  resistance  of 
selected  species  and  hybrids  also  must  be 
clarified. 


Further  study  will  continue  examination 
of  these  and  other   inoculations.   Meanwhile 
detection  surveys  of  midwestern  plantings 
are   needed  to  assess  the  disease  potential 
of  butternut  canker  on  J.  regia. 

Hopefully  the  disease  may  not  prove 
serious  in  some  regions,  e.g.  California, 
for  climatic  reasons.   Nevertheless, 
infected  material  must  not  be  transported  to 
regions  where  the  disease  has  not  been 
reported.   Infected  butternuts  in  the 
vicinity  of  Persian  walnut  plantations  in 
the  eastern  United  States  should  be  removed 
and  destroyed.   Named  varieties  of  Persian 
walnut  must  be  tested  for  disease  reaction 
and  possible  resistance. 

Japanese  Walnut 

Japanese  walnut  is  not  as  important  a 
species  as  Persian  walnut  or  black  walnut. 
The  species  appears  to  be  susceptible  to  the 
canker  fungus.   Nevertheless,  the  cankers 
that  developed  on  this  species  were 
generally  smaller,  and  on  one  tree  the  wound 
sealed  and  canker  development  was 
restricted.   Possibly  this  species  may 
provide  a  type  of  resistance  in  breeding 
programs,  not  only  for  improved  Japanese 
walnut  but  also  for  butternuts,  black 
walnuts,  and  Persian  walnuts. 


SUMMARY 

J.  nigra,  J.  regia,  J.  ailant if olia ,  J. 
cinerea ,  and  several  of  their  hybrids  are 
susceptible  to  JS.  clavigignenti- 
juglandacearum.   The  fact  that  J_.  regia 
proved  highly  susceptible  to  canker 
•development  following  direct  inoculation 
warns  that  butternut  canker  may  well  have 
international  significance.   Further  testing 
must  determine  the  long-term  course  of  the 
disease  on  these  species,  especially  J. 
regia,  the  nature  of  the  "hypersensitive" 
reaction  in  J.  nigra,  the  possibililty  for 
resistance  in  J_.  ailant  if  olia  and  J. 
cinerea,  and  the  environment  and  site 
factors  that  influence  disease  spread, 
especially  for  regions  where  the  susceptible 
Juglans  species  are  economically  important. 
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DIEBACK,  DECLINE,  AND  STEM  CANKER  OF  BLACK  WALNUT 
IN  WISCONSIN1 

J.  E.  Kuntz  and  A.  J.  Prey2 


Abstract. — The  survival,  growth,  and  productivity  of 
walnuts  are  limited  by  several  deleterious  agents  including 
diseases,  insects  pests,  and  weeds.   Although  many  walnut 
diseases  cause  little  economic  loss,  several  can  be 
destructive  under  conditions  favoring  infection  and  disease 
development.   Recently  in  Wisconsin  (SW),  Iowa  (NE),  and 
Minnesota  (SE),  a  vertical,  elongate,  and  sometimes  girdling 
stem  canker  has  severely  damaged  and  even  killed  young 
walnuts  in  plantations.   Two  species  of  Fusarium  have  been 
isolated  consistently  from  representative  cankers.   One 
Fusarium  sp.  has  induced  cankers  on  stem-inoculated  walnut 
seedlings  in  greenhouse  studies.   Meanwhile,  this  stem  canker 
has  been  complicated  by  branch  cankers  associated  with  a 
Phomopsis  species  and  twig  dieback  associated  with  a 
Phy llosticta  species.   Current  research  seeks  to  clarify  the 
significance  and  relative  roles  of  these  fungus  pathogens. 


INTRODUCTION 

Black  walnut  ( Juglans  nig 
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nurseries  have  greatly  expanded  their 
seedling  production  (Brinkman,  1974). 

Unfortunately,  the  survival,  growth,  and 
productivity  of  walnuts  are  limited  by 
several  deleterious  agents  and  including 
diseases,  insect  pests,  and  weeds  (Berry, 
1973;  Bey  and  Williams,  1976;  Johnson,  1969; 
Miller,  1973;  USDA,  1979;  Weber,  Anderson, 
and  Hoffard,  1980).   Numerous  plant 
pathogens,  mainly  fungal,  attack  walnuts  of 
all  ages  and  incite  different  types  of 
disease  (USDA,  1960).   Although  most  walnut 
diseases  cause  little  economic  loss,  several 
can  be  destructive  under  conditions  favoring 
infection  and  disease  development. 


STEM  DISEASES 

Stem  diseases  of  walnut  are  of  special 
concern  since  they  lower  the  quality  and 
quantity  of  lumber  and  veneer  logs,  reduce 
nut  yields,  and  may  even  kill  infected 
trees.   According  to  Hepting  (1971), 
perennial  target  canker,  caused  by  the 
fungus  Nectria  galligena  Bres. ,  seriously 
damages  walnuts  in  the  southern  Appalachian 
region.   In  Wisconsin,  this  canker  has  been 
of  little  consequence. 
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In  contrast,  recently  in  Wisconsin, 
Iowa,  and  Minnesota,  a  vertical,  elongate, 
and  sometimes  girdling  stem  canker  has 
severely  damaged  and  even  killed  young 
walnuts  in  plantations.   (Kuntz,  Orchard, 
and  Tisserat,  1980).   The  sunken,  elongate 
cankers  are  of  various  sizes  from  small  bark 
cracks  to  long,  vertical  strips,  sometimes 
extending  from  the  root  collar  into  the 
crown.   Both  bark  and  wood  are  affected.   In 
old  cankers,  bark  loosens  and  sloughs  off. 
Infected  bark  is  dark  brown  with  distinct 
margins  adjacent  to  healthy  tissue. 
Underlying  wood  is  brown  to  black.   Trunk  or 
basal  sprouts  frequently  develop  below 
girdling  cankers. 

Two  species  of  Fusarium  have  been 
isolated  repeatedly  from  representative 
cankers.   Pathogenicity  of  one  Fusarium 
isolate  has  been  demonstrated  by 
wound-inoculation  of  walnut  seedlings  in 
greenhouse  studies.   Young  walnut  seedlings 
that  became  infected  developed  dark,  sunken, 
elongate,  stem  lesions.   In  cases  where 
stems  were  girdled,  the  inoculated  seedlings 
died. 

In  two  Minnesota  plantings,  more  than 
50%  of  the  trees  are  cankered.   (MN  DNR, 
1980).   Most  cankers  range  in  age  from  2  to 
6  years  old.   Cankers  may  encompass  either 
lateral  branch  pruning  scars  or  dead  branch 
stubs.   Fortunately,  in  the  field,  most 
perennial  stem  cankers  have  progressed 
slowly  and  some  cankers  are  closing  by  the 
formation  of  marginal  callus. 

A  Fusarium  canker  of  walnuts  has  been 
reported  in  North  Carolina,  Indiana, 
Tennessee,  and  Missouri  (Minnesota  DNR, 
1980).   Whether  this  stem  canker  is  the  same 
as  that  reported  by  Kessler  (1974)  to  occur 
on  walnut  plantations  in  Illinois,  Indiana, 
Missouri,  and  Iowa  remains  to  be  clarified. 
Kessler  found  an  apparent  symbiosis  between 
Fusaria  and  ambrosia  beetles,  Xylosandrus 
germanus ,  which  provided  wounds  and 
infection  courts.   Berry  (1973)  also 
reported  a  basal  canker  disease  in 
plantation  walnuts  where  bark  and  cambium 
tissues  were  killed  at  the  ground  line.   The 
resulting  canker  girdles  the  stem  and  the 
crown  dies.   The  cause  is  unknown. 
Recently,  several  species  of  Fusarium  are 
reported  to  cause  cankers  on  black  walnut  in 
the  Midwest  (Weber,  Anderson,  and  Hoffard, 
1980). 

A  major  canker  of  butternut,  incited  by 
the  fungus  pathogen,  Sirococcus 
clavigignenti-juglandacearum  (Nair, 
Kostichka,  and  Kuntz,  1979),  has  been 


detected  infrequently  on  black  walnuts 
growing  in  mixed  stands  with  severely 
infected  butternuts  (Kuntz  et  al,  1979). 
Nevertheless,  artificial  inoculations  of 
young  walnut  seedlings,  older  saplings,  and 
branches  of  mature  walnuts  have  incited 
typical  elliptical  to  fusiform,  dark,  sunken 
cankers  or  a  rapid  dying  of  inoculated 
branches.   Girdling  stem  cankers  frequently 
killed  inoculated  walnut  seedlings.   Trunk 
inoculations  of  walnut  saplings  incited 
slowly  progressing  perennial  cankers  from 
which  the  fungus  has  been  isolated 
repeatedly  (presently  up  to  6  years). 

Meanwhile,  these  stem  and  branch 
cankers,  together  with  the  crown  dieback  and 
tree  decline,  have  been  complicated  by 
small,  dark,  sunken  branch  cankers 
associated  with  a  Phomopsis  species  and  a 
rapid  wilt  and  dieback  of  succulent  shoots 
associated  with  a  Phyllost icta  species 
(U.S.D.A.,  1960).   Moreover,  Melanconium 
oblongum  Beck  frequently  invaded  dead  and 
dying  branches  where  it  fruited  abundantly. 

Detection  and  appraisal  surveys  will 
continue  to  monitor  canker-diebacks  of 
walnuts  and  butternuts.   Meanwhile,  current 
research  seeks  to  clarify  the  role,  impact, 
and  activities  of  pathogens  associated  with 
these  diseases. 

The  authors  express  appreciation  to  Ed 
Hayes,  Forest  Insect  and  Disease  Specialist, 
MN-DNR,  Rochester,  MN.,  55901,  for  locating 
diseased  walnut  stands  and  plantations  in 
Minnesota  and  for  collecting  diseased 
specimens. 
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DEVELOPMENTS  IN  DISEASE  CONTROL  OF  WALNUT  ANTHRACNOSE 
Steven  Cline 


Abstract. — Walnut  anthracnose,  caused  by  Gnomonia  lepto- 
styla,  is  the  most  serious  foliar  disease  of  black  walnut. 
Fungicide  treatments,  nitrogen  fertilization,  and  mechanisms 
of  disease  resistance  have  and  are  currently  being  examined 
for  use  in  anthracnose  control.   Benomyl  sprays  can  reduce 
anthracnose  severity  but  are  restricted  for  use  only  on  non- 
nutbearing  trees.   Chemical  analysis  of  nut  meat  tissue  de- 
tected benomyl  but  at  levels  below  the  federal  tolerane  level 
required  for  registration.   Bioassays  of  benomyl  residues  on 
leaves  and  nut  hulls  showed  that  only  two  timed  applications 
per  year  are  necessary,  provided  normal  rainfall  conditions 
exist.   Disease  severity  may  be  reduced  by  nitrogen  fertiliza- 
tion.  Trees  treated  with  N  alone  had  less  anthracnose  than 
those  receiving  other  combinations  of  macronutrients.  Resist- 
ance to  anthracnose  has  been  observed  in  juvenile  leaves  and 
is  currently  being  investigated. 


The  fungal  disease,  walnut  anthracnose,  is 
caused  by  Gnomonia  leptostyla  (imperfect  stage, 
Mar ss on in a  juglandis)  and  has  become  the  primary 
important  leaf  pathogen  of  the  host  in  the  cent- 
ral and  eastern  United  States.   Berry,  in  the 
1960's,  suggested  that  this  disease  reduced  tree 
growth  through  premature  defoliation  and  that  it 
affected  nut  quality  and  quantity.   Exactly  how 
damaging  this  disease  is  to  growth  and  nut  prod- 
uction is  yet  to  be  quantitatively  determined. 

Studies  concerning  mycology  (Matteoni  and 
Neely) ,  pathogenesis,  and  epidemiology  (Black 
and  Neely)  were  done  in  the  1970's.   The  infor- 
mation that  was  generated  has  paved  the  way  to 
better  understand  the  host-pathogen  relation- 
ships and  the  avenues  for  disease  control  strate- 
gy- 
Disease  control  at  the  present  time  is 
limited  to  preventive  cultural  practices  and 
the  use  of  protectant  fungicides  applied  to  the 
foliage.   Epidemiological  studies  indicate  that 
tree  moisture  is  essential  for  infection.  Prun- 
ing trees  to  increase  the  sun's  penetration  and 
air  circulation  will  hasten  evaporation  and 


Steven  Cline  is  a  graduate  research  as- 
sistant at  the  Illinois  Natural  History  Survey, 
Illinois  Institute  of  Natural  Resources,  Cham- 
paign, Illinois  61820. 


reduce  disease  incidence.   The  removal  of  in- 
fected leaf  material  (overwintering  site)  is  also 
suggested  to  reduce  the  inoculum  potential.  Under 
forest  conditions  this  practice  is  not  practical 
but  certainly  pruning  could  be  employed  by  the 
homeowner  for  shade  trees.   At  the  present  time, 
anthracnose  control  in  walnut  plantations  is  a- 
chieved  with  the  use  of  protectant  fungicides. 
Alternatives  to  fungicide  applications  are  cur- 
rently being  investigated.   Nitrogen  fertiliza- 
tion seems  to  reduce  disease  severity.   While 
disease-resistant  cultivars  are  not  currently 
available  to  growers,  studies  are  being  conducted 
to  understand  the  nature  of  resistance  observed 
in  juvenile  leaves  and  the  applicability  to 
breeding  for  resistance. 


FUNGICIDES 

Of  six  commercial  fungicides  applied  as 
foliar  sprays,  by  researchers  at  the  Illinois 
Natural  History  Survey,  benomyl  (Benlate  50  WP, 
DuPont)  at  the  rate  of  1  lb/100  gal  was  the  most 
effective  for  anthracnose  control.   Sprays  were 
applied  twice,  one  on  June  2  and  then  on  July  1. 
This  fungicide  was  statistically  superior  to  Top- 
sin  M  70  W,  Manzate  200  80  W,  Polyram  80  W.  Bravo 
6  F,  and  Triflorine  6.5  EC,  giving  97%  control 
over  defoliation. 
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The  timing  of  fungicide  applications  is 
important  to  good  control.   Epidemiological 
studies  in  Illinois  showed  that  infection  from 
ascospores  occurred  in  late  May  while  conidial 
infections  were  produced  in  early  July.   To 
determine  how  the  timing  of  benomyl  sprays  is 
important  to  control,  a  study  was  conducted  to 
examine  the  persistence  of  this  compound  on 
black  walnut  leaves  and  nut  hulls  in  1978  and 
1979.   Four  testing  sites  were  chosen  in  Illi- 
nois.  Foliar  sprays  were  applied  at  the  rates 
of  1  lb  (IX),  2  lbs  (2X) ,  and  4  lbs  (4X)/100 
gal  between  late  May  and  early  July  to  estab- 
lished trees.   Fungicide  bioassays  were  conducted 
on  samples  of  leaf  and  nut  hulls  collected  at 
various  periods  following  treatment.   A  benomyl- 
sensitive  fungus  was  used  to  detect  persisting 
residues  on  these  plant  parts.   Rainfall  was 
monitored  over  the  testing  periods. 

Our  results  determined  benomyl  to  be  fair- 
ly persistent  as  the  compound  inhibited  germ 
tube  development  for  approximately  6  weeks  on 
the  foliar  surface, provided  that  precipitation 
did  not  exceed  10  cm/week.   Higher  rates  of  ap- 
plication (2X,  4X)  did  not  persist  significantly 
longer  than  the  IX  rate,  implying  that  these 
higher  rates  would  not  increase  anthracnose  con- 
trol.  When  benomyl  persistence  was  studied  under 
conditions  following  simulated  rainfall  applica- 
tions, benomyl  residues  were  inhibitory  to  germ 
tube  development  of  the  test  fungus  in  excess 
of  24  cm  of  rainfall.   Our  conclusions  suggest 
that  other  factors  besides  rainfall  cause  its 
removal  or  degradation  under  field  conditions. 

On  nut  hulls,  benomyl  was  persistent  for 
5-7  weeks  at  the  IX  rate  while  2X  and  4X  rates 
remained  effective  in  excess  of  7  weeks.   The 
effect  of  rainfall  on  nut  hull  persistence  could 
not  be  determined. 

Based  on  our  studies  in  Illinois,  we  recom- 
mend spray  applications  of  benomyl  fungicide  to 
begin  in  mid-  to  late-May  when  ascospores  are 
released.   A  rate  of  1  lb/100  gal  was  demonstra- 
ted to  be  effective  for  control  of  walnut  an- 
thracnose.  With  moderate  (normal)  rainfall,  a 
second  spray  is  not  generally  required  until 
early  July  when  conidia  are  released.   When 
rainfall  does  exceed  10  cm/week,  an  earlier 
second  application  may  be  necessary. 


Carbondale,  Illinois  were  soil- injected  or  fol- 
iar-sprayed with  benomyl  or  trunk-infused  with 
Lignasan  BLP.   Nuts  collected  in  August  and  Sept- 
ember were  analyzed  for  the  breakdown  product 
MBC  (carbendazim)  by  gas  chromatography.  Results 
indicate  that  very  low  levels  of  MBC  were  present 
in  several  samples  tested,  however,  in  all  samp- 
les examined,  the  quantities  detected  were  well 
below  the  federal  tolerance  level  of  0.13  ppm. 
We,  therefore,  have  recommended  the  registration 
of  benomyl  for  use  on  nut-bearing  trees. 


FERTILIZATION 

Preliminary  field  testing  of  nitrogen  fer- 
tilizers on  anthracnose  severity   (Neely,  1981) 
from  1973-1977  showed  that  a  reduction  in  dis- 
eased leaflets  from  46  to  61%  occurred  as  evalu- 
ated in  August  and  September,  respectively.  This 
was  studied  more  intensely  in  1978  and  1979  in 
order  to  verify  these  trends.   Tests  were  des- 
igned to  establish  the  effect  of  nutrient  source, 
rate  and  timing  of  fertilizer  application.  Nitro- 
gen (N)  alone  and  other  combinations  of  nitrogen, 
phosphorus  (P),  and  potassium  (K)  were  compared 
at  a  uniform  soil  surface  application  rate  of 
29  g  N/m2  (IX)  (6  lbs/1000  sq  ft)  applied  in 
April,  June  or  October.   Additional  applications 
of  ammonium  nitrate  were  made  at  1/2X  and  2X 
rates.   A  foliar  treatment  of  urea  was  also  test- 
ed spraying  trees  to  run-off  with  three  applica- 
tions in  mid-May,  early  June,  and  late  June  at 
the  10  g/1  rate. 

Black  walnut  is  observed  to  be  more  resist- 
ant to  anthracnose  and  there  is  a  delay  in  pre- 
mature defoliation  when  nitrogen  fertilizers  are 
applied.   The  rates  of  application  are  correlated 
directly  with  foliage  color  and  growth,  and  in- 
versely correlated  with  disease  severity  (table 
1).   Disease  control  increased  by  20,  31,  and 
52%  with  1/2X,  IX,  and  2X  nitrogen  treatments  as 
compared  to  the  untreated  controls.   Soil-applied 
ammonium  sulfate,  ammonium  nitrate,  and  urea  were 
equally  good  nitrogen  sources.   Early  spring  as 
well  as  mid-summer  applications  are  both  effec- 
tive.  The  combination  of  potassium  and/or  phos- 
phorus with  nitrogen  reduced  the  effectiveness 
of  nitrogen  applied  alone.   Foliar  treatments 
with  urea  were  not  significantly  more  effective 
than  no  treatment. 


The  systemic  action  of  benomyl  and  the  un- 
certainty of  movement  into  floral  parts  and 
developing  nut  meats  limits  its  registration  for 
use  on  non-nutbearing  trees.   To  establish  the 
potential  for  registration,  we  conducted  a  study 
to  determine  the  level  of  residue  accumulation 
of  benomyl  in  nut  meats  following  its  applica- 
tion for  disease  control.   In  1979,  trees  at 


At  present,  we  recommend  fertilizing  trees 
with  N-containing  compounds  (ammonium  sulfate, 
ammonium  nitrate  or  urea)  applied  at  the  rate  of 
250  lbs/acre  to  reduce  disease  severity  and  stimu- 
late tree  growth.   Fertilizers  may  be  applied  any 
time  during  the  year,  however,  best  response  can 
be  expected  when  applications  are  made  prior  to 
bud  break  in  the  spring. 
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Table  1. — Effects  of  nutrients  applied  to  black 
walnut  trees  in  1978  and  1979. 


Treatment 

Rate 
(R/m2) 

Disease 

■  *-  2/ 

severity— 

Color 
rating— 

Diameter 

growth 

(mm) 

None 

44.0 

3.1 

4.3 

Urea      , 
(foliar)- 

44.7 

3.3 

4.8 

PK 

29 

41.5 

3.3 

4.5 

NPK 

29 

36.8 

3.6 

6.1 

NH4NO3 
NK 

14.5 
29 

35.2 
34.3 

3.5 
3.9 

5.0 
6.7 

NH4NO3 
NP 

29 
29 

34.2 
33.7 

3.7 
3.8 

6.5 

5.4 

NH4NO3 

(NH4)2S04 

Urea 

29 
29 
29 

31.1 

30.8 
28.8 

3.9 
3.7 
3.7 

6.0 
5.8 
6.3 

NH4N03 

58 

21.3 

4.1 

7.7 

1/ 


2/ 


Three  foliar  applications  sprayed  to  runoff  at 
10  g/1. 

lesi 


—.Percentage  leaflets  with  one  or  more  lesions. 
—  l=yellow  green;  3= average  green;  5=dark  green, 


RESISTANCE 

Currently, cultivars  resistant  to  walnut  an- 
thracnose  are  not  available  to  foresters.  Early 
attempts  by  Berry  (1964)  to  rate  infected  field- 
grown  trees  across  40  cultivars  failed  to  show 
conclusive  evidence  for  disease  resistance.  When 
optimum  conditions  for  infection  were  present, 
trees  that  were  previously  thought  to  be  less 
susceptible  became  as  severely  infected  as  other 
cultivars.   Attempts  by  Black  (1977)  to  select 
for  resistance  among  species  of  Juglans  showed 
that  a  large  variation  in  resistance  exists.  In 
field  studies  by  Neely  (1981)  correlations  be- 
tween height,  diameter,  and  anthracnose  ratings 
were  not  significant,  however,  faster  growing 
trees  tended  to  be  more  resistant. 


and  nut  production.   Successive  years  of  prema- 
ture defoliation  can  weaken  trees  and  reduce  the 
energy  reserves  from  efforts  to  refoliate.  Stress- 
ed trees  are  more  subject  to  damage  due  to  in- 
sects, root-rotting  and  other  pathogens.  While 
we  recommend  sound  cultural  practices  (good  site 
selection,  scheduled  pruning  and  a  balanced  fer- 
tilization program)  to  reduce  favorable  condi- 
tions for  anthracnose  development,  fungicides  are 
sometimes  the  only  alternative.   From  our  studies, 
benomyl  is  the  most  effective  chemical  means  for 
control  when  applied  to  the  foliage  at  the  rate 
of  1  lb/100  gal.   Current  IPM  strategies  require 
that  we  move  from  pesticides  to  other  means  of 
disease  control.   Additional  research  efforts 
into  alternatives  are  needed  before  they  become 
valid,  environmentally  and  economically  sound. 
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Observations  of  artificially  infected  and 
naturally  infected  leaves  suggest  that  juvenile 
leaves  are  more  resistant  to  infection  than  older, 
more  mature  leaves.   Pathogenesis  testing  by 
Matteoni  (19  77)  determined  that  leaves  of  all 
ages  exhibited  some  lesions  but  lesions  on  young- 
er leaves  are  smaller  and  either  have  fewer  or 
no  acervuli.   Research  efforts  investigating 
the  effects  of  nitrogen  fertilization,  leaf  age 
and  growth  as  related  to  anthracnose  suscepti- 
bility, are  currently  underway  to  determine  the 
potential  applicability  of  this  type  of  resist- 
ance for  controlling  anthracnose. 

Walnut  anthracnose  is  not  well  known  in 
terms  of  the  economic  loss  in  annual  growth 
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WALNUT  ROOT  ROT  IN  SEEDBEDS,  HEELING-IN  BEDS,  AND  STORAGE1 
N.  A.  Tisserat,  J.  E.  Kuntz,  R.  P.  Guries,  and  R.  F.  Camp2 


Root  rot  can  be  a  limiting  factor  in  the  production  of 
one-year-old  (1-0)  black  walnut  seedlings  at  the  Wilson  State 
Nursery,  Boscobel,  Wisconsin.   So  far,  root  rot  in  seedbeds, 
though  present,  has  not  caused  serious  damage;  however, 
fall-lifted  seedlings  held  over  winter  in  heeling-in  beds  are 
subject  to  heavy  losses  resulting  from  root  rot.   Soil-borne 
fungi  commonly  associated  with  walnut  root  rot  in  Wisconsin 
included  Phytophthora  citricola,   Cylindrocladium  sp. ,  and 
Fusarium  spp.   In  most  years,  root  rot  of  stored  seedlings  was 
avoided  by  spring  lifting.   Fall-lifted  seedlings  stored  at  4 
C  in  heavy  paper  bags  had  a  much  lower  incidence  of  root  rot 
and  higher  field  survival  rates  than  did  fall-lifted, 
heeled-in  seedlings.   Survival  rates  of  trees  stored  over 
winter  in  bags  were  similar  to  survival  rates  of  trees  that 
were  spring-lifted. 


INTRODUCTION 

In  recent  years,  the  demand  for  quality 
black  walnut  ( Juglans  nigra  L. )  has 
increased  walnut  plantings  throughout 
southern  Wisconsin  and  adjacent  areas  of 
central  United  States.   Intensive  management 
is  practiced  to  provide  optimal  growth  and 
quality  of  the  trees  (Schlesinger  and  Funk, 
1977).   To  insure  proper  density  and 
uniformity,  new  plantations  are  established 
with  one-year-old  nursery  transplants  rather 
than  by  direct  seeding.   In  Wisconsin  alone, 
the  state  forest  nurseries  distribute 
annually  over  300,000  black  walnut  seed- 
lings.  Spring  planting  of  young  seedlings 
is  recommended  since  fall-planted  stock  is 
subject  to  winter  injury  and  frost 
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heaving  (Schlesinger  and  Funk,  1977). 

In  Wisconsin  until  1978,  seedlings  were 
machine-lifted  in  November,  hand-graded, 
bundled,  and  placed  in  "heel-in"  beds  for 
overwinter  storage  in  preparation  for  spring 
shipment.   Frequently,  in  the  heel-in  beds, 
many  of  the  injured  roots  deteriorated  or 
rotted,  resulting  in  extensive  spring 
culling  (Tisserat  et  al.,  1980).   Although 
the  exact  cause  of  root  rot  in  Wisconsin  is 
not  known,  soil-borne  root-rotting  fungi 
have  been  associated  with  some  of  the 
decayed  roots.   Studies  in  other  areas  of 
the  country  indicate  that  both  environmental 
(Young,  1943)  and  biotic  agents  (Green  and 
Ploetz,  1979)  may  be  involved.   Species  of 
Cylindrocladium  and  Phytophthora  have 
incited  root  rot  of  black  walnut  seedlings 
growing  in  nursery  beds  (Cordell  and 
Matuszewski,  1974;  Green  and  Pratt,  1970; 
Tisserat  e_t  al_.  ,  1980)  and  incipient 
infections  by  these  fungi  may  contribute  to 
subsequent  root  rot  in  the  heel-in  beds 
(Green  and  Ploetz,  1979).   Root-infected 
walnut  transplants  seldom  survive 
outplanting  to  the  field. 

Heavy  losses  of  young  walnuts  due  to 
root  deterioration  in  the  heel-in  beds  have 
led  managers  to  consider  other  methods  of 
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storing  seedlings.   The  purpose  of  our  study 
was  to  evaluate  several  methods  of 
overwinter  storage  and  to  identify  some  of 
the  factors  (both  biotic  and  environmental) 
contributing  to  this  problem. 


MATERIALS  AND  METHODS 

Studies  have  been  conducted  from  1978 
through  May,  1981,  and  are  continuing. 
One-year-old  black  walnut  seedlings  raised 
at  the  Wilson  State  Forest  Nursery, 
Boscobel.  Wisconsin  were  used  in  all 
studies.   Seedlings  were  undercut  approxi- 
mately 20  cm  below  the  soil  surface  the 
first  week  in  November  of  each  year. 
Undercut  seedlings  were  hand-lifted,  graded, 
and  bundled  into  groups  of  20  or  25  trees. 
Those  trees  which  had  a  tap  root  of  less 
than  20  cm  in  length  or  a  root  system 
showing  discoloration  were  culled  prior  to 
bundling.   Spring-lifted  (April)  seedlings 
were  handled  similarly. 

Fall-lifted  trees  were  stored  overwinter 
either  in  heel-in  beds  or  in  heavy  paper 
shipping  bags.   The  heel-in  method  consisted 
of  placing  the  bundled  seedlings  in  trenches 
30-45  cm  deep  dug  in  the  seedbed.   The  roots 
then  were  covered  with  soil.   Trees  were 
overwintered  in  this  manner  until  they  were 
lifted  in  the  spring.   Other  fall-lifted, 
bundled  trees  were  placed  in  large  shipping 
bags  which  were  sewn  or  stapled  shut.   The 
bags  were  stored  overwinter  in  large  walk-in 
coolers  maintained  at  a  constant  4  C.   No 
packing  was  added  to  the  bagged  seedlings, 
except  in  one  treatment  where  damp  straw 
mulch  was  distributed  among  the  bundles  of 
seedlings. 

Fall-lifted  seedlings  were  dipped  in 
fungicides  prior  to  overwinter  storage. 
Bundled  seedlings  were  immersed  in  one  of 
several  experimental  fungicides  for 
approximately  one  minute  in  the  1978-79 
experiments  (Tisserat  et  al.,  1980).    Two 
chemicals  were  tested  further,  in  the 
1979-80  and  1980-81  trials.   The  two 
fungicides  were  benomyl  (Benlate  50%  WP)  at 
5  lb  active  ingredient  (a.i.)/100  gal  water 
(6  g/1)  and  captafol  (Difolatan  4F)  at  4  lb 
a.i./lOO  gal  water  (5  g/1).   Seedlings  not 
treated,  seedlings  dipped  in  water  only,  and 
spring-lifted  seedlings  served  as  controls. 
A  randomized  complete  block  design  was  used. 

In  all  experiments,  data  were  recorded 
on  the  incidence  of  root  rot  before 
outplanting  and  seedling  survival  after 
outplanting.   Any  seedling  showing  root 
lesions  and/or  discoloration  greater  than 


one  inch  from  the  tip  of  the  main  tap  root 
was  considered  rotted.   Healthy  seedlings 
showed  little  or  no  discoloration  at  the  tip 
of  the  cut  root,  and  were  very  firm  in 
texture.   The  cortex  of  healthy  roots  was 
pearl-white  in  color.   Discolored  roots 
appeared  spongy  and  water-soaked.   The  color 
of  the  rotted  roots  ranged  from  light  brown 
to  black.   In  other  cases,  rotted  roots 
showed  sunken,  irregular,  black  lesions  on 
the  tap  root.   Tissue  samples  were  taken 
from  selected  discolored  roots, 
surface-sterilized  in  a  10%  sodium 
hypochlorite  solution  for  2  minutes,  and 
plated  on  potato  dextrose  agar.   Typical 
discolored  samples  also  were  placed  directly 
on  VYS-PBNC,  a  selective  medium  for 
Phytophthora  species  (Schmit thenner,  1973). 
Pathogenicity  tests  of  the  isolates  were 
made  on  one-year-old  walnut  seedlings 
planted  in  12-cm  diameter  clay  pots  in  a 
2:1:1  (soil :sand :peat)  mixture.   Before 
planting  the  seedlings,  a  small  agar  block 
containing  mycelia  of  the  selected  fungal 
isolate  was  placed  in  a  knife  wound  made  on 
the  tap  root.   The  seedlings  were  grown  in 
the  greenhouse  for  one  month,  then  examined 
for  root  rot  symptoms.   Attempts  were  made 
to  reisolate  the  causal  organism  from  the 
rotted  roots. 

In  1979,  all  seedlings  were  outplanted 
by  hand  at  the  Knap  Creek  Wildlife  Area  near 
Boscobel,  WI.   In  1980,  seedlings  were 
outplanted  at  the  Wilson  State  Forest 
Nursery.   Transplant  survival  was  recorded 
in  September  of  the  planting  year.   Since 
initial  root  rot  and  field  survival  were 
calculated  as  percentages  of  original 
seedlings,  the  data  were  transformed  by  the 
arc  sin  method  (Snedecor  and  Cochran,  1967) 
prior  to  analysis. 


RESULTS 

Spring-lifting 

In  earlier  studies  the  incidence  and 
severity  of  root  rot  were  compared  between 
fall-lifted  seedlings  overwintered  in 
heel-in  beds  and  undisturbed  seedlings  left 
overwinter  in  the  seedbeds.   In  some  years, 
up  to  100  percent  loss  occurred  in  the 
heel-in  beds  whereas  little,  if  any,  root 
rot  was  found  in  spring-lifted  seedlings. 
Therefore,  since  1978,  overwintering  root 
rot  largely  has  been  avoided  by  waiting 
until  spring  to  lift  the  seedlings  just 
before  shipment. 

Unfortunately,  seedlings  left  in  the 
seedbed  during  the  winter  1980-81,  and 
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spring-lifted  in  April,  also  suffered 
extensive  root  deterioration.   Surveys  of 
the  seedbed  showed  that  60%  of  the  seedlings 
had  complete  root  mortality  and  many  of  the 
remaining  trees  had  varying  degrees  of  root 
discoloration.   Because  the  loss  was  so  high 
and  identifying  healthy  trees  was  so 
uncertain,  the  entire  stock  of  black  walnut 
seedlings  was  condemned. 

Nevertheless,  it  appears  that  in  most 
years,  seedlings  may  remain  overwinter  in 
the  seedbed,  and  may  be  spring-lifted 
without  heavy  losses  from  root  rot.   However 
this  method  may  be  disastrous  in  some  years, 
as  evidenced  by  the  1980-81  losses. 


STORAGE  METHODS 

At  the  time  the  experiments  were 
conducted,  there  was  some  question  as  to 
whether  walnut  seedlings  would  survive 
winter  storage  in  the  shipping  bags. 
Results  for  all  years  show  that  fall-lifted 
seedlings  survived  overwinter  storage  at  4  C 
in  sealed  bags  in  excellent  condition.   In 
the  1979  plantings,  little  difference  in 
root  rot  incidence  and  survival  was  found 
between  the  fall-lifted  and  bagged  seedlings 
or  seedlings  overwintered  in  heel-in  beds 
(Table  1).  Seedling   survival  for  all 
heel-in  treatments  averaged  93%  compared  to 
95%  for  the  bagged  storage  methods  for  that 
particular  year.   In  contrast,  data  from  the 
1980  plantings  indicated  that  the  bagged 
seedlings  had  a  lower  percentage  of  root  rot 
and  a  higher  survival  rate  than  did 
seedlings  from  the  heel-in  treatments. 

Results  from  the  1980-81  experiments 
showed  much  larger  differences  between 
storage  methods  (Table  2).   Fall-lifted 
seedlings  placed  in  heel-in  beds  to 
overwinter  without  mulch  had  the  highest 


percentage  (75%)  of  root  rot.  Addition  of 


Table  1.   Incidence  of  root  rot  in  walnut 
seedlings  following  winter  storage  and 
survival  after  outplanting  (1979-1980) 


Root  rotl/ 
Survival 


Storage  method 
Bagged"         Heel-in 
1979    1980    1979     1980 


A. 8 
95.0 


1.0 
87.7 


5.8 
93.0 


23.8 
70.0 


2/  Values  are  percent  averages  of  15 
replicates,  25  seedlings  per  replicate, 
1979,  and  30  replicates,  20  seedlings  per 
replicate,  1980. 


straw  mulch  (marsh  hay  to  60  cm  depth)  to 
the  heel-in  beds  resulted  in  reduced  root 
rot.  Seedlings  stored  in  bags  at  4  C  had 
little  or  no  root  rot. 

Root  rot  incidence  and  subsequent 
survival  of  bagged  seedlings  were  unaffected 
by  fungicide  treatments  (Tables  2  and  3). 
Seedlings  with  and  without  a  water  dip 
survived  as  well  as  did  seedlings  with  a 
fungicide  dip.   However,  a  sparse,  but 
unsightly,  covering  of  fungus  mycelia 
occasionally  developed  on  bagged  seedlings. 
Nevertheless  roots  were  sound  and  the 
superficial  mycelia  did  not  affect  seedling 
survival  after  outplanting.   Both  the 
benomyl  and  captafol  fungicide  dips  reduced 
this  molding  of  seedlings  stored  in  the 
bags,  and  may  be  desirable  as  a  prestorage 
treatment . 


Table  2   Incidence  of  root  rot  (%)  of  black  walnut  seedlings  following 
various  overwinter  storage  methods  and  treatments,  1980-81. 


Bagged 

Heel-in 

Straw 

mulch 

(fall) 

No 
dip 

H20 
dip 

Benomyl 
dip 

Captafol 
dip 

Straw 
packing 

No 
mulch 

1/ 
2.0a 

0.0a 

0.0a 

1.0a 

2.0a 

7.0a 

75.0b 

—/   Mean  percent  root  rot  for  5  replicates,  20  seedlings  per  replicate. 
Values  not  followed  by  the  same  letter  differ  significantly  (p  less  than 
.05)  according  to  FLSD  test. 
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Table  3.  Effect  of  chemical  and  cultural  treatments  on  storage  root  rot 
(winter  1979-80)and  outplanting  survival  of  walnut  seedlings. 


No  dip 
Bag     Hil/ 


H20  dip 
Bag    Hi 


Straw 
Jag   Hi 


Benomyl 
Bag   Hi 


Captaf ol 
Bag    Hi 


Root  rot(%)   la?./    24d     Oa   29e 
Survival(%)  84b     68cd   85b    77c 


Oa   9b 
94a   75c 


Oa   38f 
92a   65d 


la   19c 
83b   67d 


—I   Fall-lifted  heel-in  treatments. 

±/  Values  represent  an  average  of  six  replicates.   Values  in  each  row  not 
followed  by  the  same  letter  differ  significantly  (p  is  less  than  .05) 
according  to  FLSD  test. 


Associated  Fungi 


The  role  of  fungi  in  the 
root  rot"  problem  is  unclear 
were  isolated  from  rotted  roo 
heel-in  beds  during  the  winte 
and  1979-80.  The  most  common 
were  species  of  Fusarium,  Tri 
Aspergillus.  Most  of  these  f 
considered  to  be  primary  path 
cause  damage  to  weakened  or  i 
systems.  Primary  pathogens  s 
Cy lindrocladium  sp.  and  Phy to 


citricola  were  isolated  less 

decayed  roots.   In  both  these 

little  root  rot  developed  ove 


overwinter 
Several  fungi 
ts  stored  in 
rs  of  1978-79 

fungi  found 
choderma,  and 
ungi  are  not 
ogens  but  can 
njured  root 
uch  as 
phthora 


frequently  from 
years,  very 
rwinter . 


Root  rot  during  the 
severe,  resulting  in  th 
crop.   Attempts  to  isol 
discolored  roots  during 
that  such  roots  were  es 
Only  rarely  were  fungi 
rotted  tissue.   Because 
isolated  consistently, 
fall-lifted  seedlings  i 
heel-in  beds  or  stored 
little  root  rot  (Table 
that  fungi  were  the  pri 
root  rot  for  that  year. 


1980-81  winter  was 
e  loss  of  the  entire 
ate  pathogens  from 

April,  1981,  showed 
sentially  sterile, 
or  bacteria  found  in 

no  biotic  agent  was 
and  the  fact  that 
n  heavily  mulched 
in  bags  had  very 
2)  make  it  doubtful 
mary  causal  agents  of 


Our  results  suggest  that  freezing 
temperatures  or  extreme  fluctuations  in 
temperatures  in  the  heel-in  beds  or  even  in 
seedbeds  may  be  important  factors  in  the 
incidence  of  root  rot.   Initial  studies 
indicated  that  bare-rooted  seedlings  exposed 
to  freezing  temperatures  (-12  C  for  30 
minutes)  prior  to  storage  were  heavily 
colonized  by  Fusarium  spp.  and  did  not 
survive  outplanting  the  following  year 
(Tisserat  e±   al. ,  1980).   The  incidence  of 
root  rot  in  the  heel-in  beds  for  the  1979-80 


study  (Table  1)  was  higher  than  that  for  the 
1978-79  experiments.   Seedbeds  during 
1978-79  had  two  to  three  feet  of  snow  cover 
most  of  the  winter  while  in  1979-80,  the 
seedbeds  had  little  or  no  snowcover  the 
entire  winter.   Temperature  extremes  in  the 
soil  during  1979-80  and  fluctuating  soil 
temperatures  during  the  winter  of  1980-81 
may  have  injured  roots  and  predisposed  them 
to  attack  by  soil-borne  microorganisms.   In 
contrast,  bagged  seedlings  stored  at  4  C 
(Table  1)  in  both  years  had  very  little  root 
rot. 


CONCLUSIONS 

In  past  years,  overwinter  storage  of 
black  walnut  seedlings  in  heel-in  beds 
resulted  in  extensive  root  rot.   Our  results 
suggest  alternative  methods  for  storage  of 
black  walnut  seedlings  during  the  winter 
months.   Spring-lifting  and  immediate 
distribution  of  seedlings  are  preferable  to 
the  fall-lifting  and  heel-in  method  of 
storage  in  avoiding  overwinter  root  rot. 
However,  there  is  still  occasional  risk 
involved  in  spring-lifting,  depending  on 
winter  conditions.   Spring-lifting  should  be 
used  only  where  cold  storage  facilities  are 
not  available.   Moreover,  fpll-lifting  and 
cold  storage  may  be  more  convenient  for 
nursery  managers,  enabling  them  to  avoid  the 
spring  rush  in  lifting  other  tree  species. 

Therefore,  we  believe  that  the  best 
method  of  storage  in  Wisconsin  is 
fall-lifting,  placement  of  seedlings  in 
sealed  shipping  bags,  and  overwinter  storage 
at  4  C.   Care  must  be  taken  to  keep  the 
temperature  at  a  constant  4  C,  because 
freezing  temperatures  result  in  direct 
damage  to  roots,  a  high  incidence  of  root 
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rot,  and  poor  field  survival.  methods  for  overwinter  storage  of  black 

walnut  seedlings.   For.  Res.  Note  No. 
Fungicide  dip  treatments  of  seedlings  231.   Dept.  For.,  University  of  WI., 

prior  to  storage  in  bags  at  4  C  had  little  Madison.   6  p. 

effect  on  root  rot  or  field  survival.   No 

dip  or  water  dip  controls  also  were  Young,  G.  1943.   Root  rots  in  storage  of 

essentially  free  of  root  rot.   However,  the  deciduous  nursery  stock  and  their 

benomyl  and  captafol  dips  did  reduce  control.   Phytopathology  33:656-665. 

superficial  molding  of  walnut  seedlings 
stored  in  shipping  bags.   While  the  molding 
did  not  affect  survival  of  outplanted 
seedlings,  it  was  unsightly  and  could  reduce 
the  marketability  of  bagged  seedlings. 

While  methods  for  avoiding  the  root  rot 
problem  during  winter  storage  are  now 
available,  the  exact  nature  of  the  root 
deterioration  is  still  unclear.   It  does 
appear  that  cold  temperatures  or  extreme 
temperature  fluctuations  contribute  to  the 
incidence  and  development  of  storage  root 
rot  either  directly  or  indirectly.   Whether 
other  factors  such  as  incipient  infections 
by  pathogenic  fungi  are  involved  is  not 
known.   Future  research  will  attempt  to 
clarify  the  relative  roles  of  abiotic 
(environmental)  and  biotic  agents. 
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BLACK  WALNUT  CURCULIO: 


A  FACTOR  IN  WALNUT  NUT  PRODUCTION 


2 
Larry  M.  Blair 


Abstract. — The  black  walnut  curculio  is  discussed  as 
an  important  factor  in  premature  nut  loss  of  black  walnut. 
In  Missouri  trapping  studies,  nut  drop  resulting  from  cur- 
culio activity  reduced  potential  harvestable  yields  by  19% 
to  78%  in  three  geographic  areas  of  the  state.   Average 
loss  was  51%.   A  brief  biology  of  the  insect  is  presented. 


Since  World  War  II,  new  uses  for  nut 
shells  and  kernels  of  black  walnut  (Juglans 
nigra  L.)  have  created  a  growing  demand  for 
black  walnut  nuts.   Potential  nut  returns  are 
an  important  addition  to  the  value  of  the 
species.   Management  practices  are  being  de- 
signed to  improve  growth  conditions  for  nut 
production  as  well  as  lumber.   Revenues  from 
nut  sales  can  be  used  to  ease  long-term 
carrying  costs  associated  with  lengthy  stand 
rotations. 

A  major  factor  influencing  demand  for 
nuts  in  recent  years  has  been  the  shortage  of 
black  walnut  planting  stock.   Landowner 
awareness  of  walnut  values  has  caused  a  signi- 
ficant increase  in  the  number  of  plantations 
established.   Most  states  have  been  unable  to 
produce  enough  seedlings  to  meet  these  de- 
mands because  of  nut  scarcity  (Grey,  1971). 
The  problem  is  complicated  by  competition 
from  the  nut  industry.   Aside  from  the  impor- 
tance of  black  walnut  kernels  as  a  food  item, 
research  has  shown  important  uses  for  the 
crushed  shells.   Uses  include  filtering 
agents  in  smoke-stack  scrubbers,  additives  to 
drilling  mud  in  oil-well  drilling,  and 
polishing  agents  for  chrome  and  automotive 
parts,  among  others  (Cavender,  1973).   In 
addition,  Hammons  Products  Company  in 
Stockton,  Missouri,  has  recently  been  suc- 
cessful in  boosting  nutritive  values  of 
cattle  feed  by  adding  low  grade  walnut  ker- 
nels to  a  corn  feed  mixture.   Continued  re- 
search promises  additional  uses  for  black 
walnut  nuts  in  the  future. 


The  black  walnut  curculio,  Conotrachelus 
retentus  (Say),  is  an  important  insect  pest  of 
walnut  nut  crops  (fig.  1).   The  adult  feeds  on 
new  walnut  shoots  and  leaves,  and  the  larva 
destroys  developing  nuts. 


Figure  1. — Adult  walnut  curculio. 

Previous  research  on  this  insect  was  limited, 
and  revealed  little  about  its  habits  and  life 
history.   Therefore,  a  research  project  was 
undertaken  to  study  the  curculio' s  biology 
and  impact  on  walnut  nut  production  in 
Missouri  (Blair,  1978). 


Paper  presented  at  the  Black  Walnut 
Symposium,  West  LaFayette,  Indiana, 
August  10-14,  1981. 

? 
Larry  M.  Blair,  Area  Extension 

Forester,  K. S.U.  Area  Extension  Office, 

South  Hutchinson,  Kansas. 


LIFE  HISTORY 

Adult  curculios  spend  the  winter  in  soil 
or  heavy  leaf  litter  near  the  base  of  walnut 
trees.   Spring  emergence  is  closely  timed  with 
bud  break,  and  occurs  from  mid  to  late  April. 
Newly  emerged  adults  enter  trees  by  crawling 
or  flying.   They  feed  on  succulent  foliage  and 
male  flowers  with  feeding  damage  appearing  as 
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a  darkened  spot  on  the  base  of  the  leaf  stalk. 
It  seldom  causes  leaf  death,  and  is  difficult 
to  detect.   Other  feeding  damage  may  occa- 
sionally appear  as  holes  chewed  in  leaflets. 
However,  this  damage  is  similar  to  that  of 
other  leaf-feeding  beetles,  and  is  not 
diagnostic. 

Eggs  are  laid  on  developing  nuts  shortly 
after  the  female  flowers  are  fertilized.  When 
nuts  are  small,  single  eggs  are  placed  in 
crescent-shaped  punctures  chewed  from  the  nut 
wall  (fig.  2). 


Figure  2. — Oviposition  mark  on  nut. 

Several  eggs  may  hatch  on  a  small  nut,  but 
the  most  active  larva  consumes  the  others  to 
defend  its  food  supply.   On  larger,  more 
mature  nuts,  single  eggs  are  placed  in  punc- 
tures resembling  pin  holes.   These  punctures 
are  usually  placed  on  the  nut  in  clusters  of 
3  to  10.   Large  nuts  may  support  the  devel- 
opment of  several  larvae. 

Hatching  usually  occurs  five  days  after 
eggs  are  laid.   Larvae  bore  into  the  watery 
centers  of  developing  nuts  and  feed  exten- 
sively.  "June  nut  drop"  occurs  when  in- 
fested nuts  drop  from  trees  in  late  May, 
June  and  early  July.   From  the  time  the  eggs 
are  laid,  it  takes  about  three  weeks  for  nut 
drop  to  occur.   Most  infested  nuts  abort  when 
approximately  h"   in  diameter.   For  this 
reason,  the  premature  nut  drop  is  easily 
overlooked. 

Larvae  remain  inside  hollowed-out  nuts 
for  an  additional  two  weeks  before  entering 
the  soil  to  pupate.   Nut  exit  holes  are  h" 
in  diameter,  and  serve  as  evidence  of  cur- 
culio  activity.   The  pupal  stage  requires 
three  weeks  and  occurs  at  an  average  soil 
depth  of  two  inches.   After  this,  adult 
curculios  emerge  and  feed  on  black  walnut 
foliage  until  leaf  drop  occurs.   Only  one 
generation  is  produced  per  year. 


SHOOT  PROBLEMS 

Infrequently,  eggs  may  be  laid  on  devel- 
oping shoots  of  black  walnut.   Stem  mining  and 
loss  of  terminal  buds  are  potential  growth- 
form  problems  on  young  trees.   However,  sur- 
veys of  Missouri  walnut  plantations  under  ten 
years  of  age  revealed  no  curculio  activity. 
Adult  curculios  probably  do  not  associate  with 
trees  too  young  to  bear  nut  crops. 


IMPACT  ON  NUT  CROPS 

Missouri  nut  productivity  studies  were 
conducted  in  one  area  in  1976,  and  three  areas 
in  1977.   The  initial  study  involved  testing 
and  comparison  of  three  trapping  designs  at 
the  Dupont  black  walnut  plantation  near 
Ashburn,  Missouri.   Trees  in  the  plantation 
were  27  years  old  at  the  time  of  the  study. 
Thirty-six  trees  were  selected  and  sampled 
with  216  cone-shaped  plastic  traps.   Traps 
were  three  feet  in  diameter,  and  each  was  sus- 
pended between  two  5-foot  stakes.   Trap  place- 
ment was  statistically  designed  to  accurately 
estimate  damage  for  the  entire  plantation  from 
sample  tree  collections. 

Traps  were  checked  weekly  from  early  June 
until  August,  and  biweekly  for  the  remainder 
of  the  season.   The  collected  nuts  were  dis- 
sected to  determine  the  reason  for  early  drop. 
Records  were  kept  for  each  nut.   Four  factors 
were  determined  to  influence  premature  abor- 
tion and  loss  to  nut  crops.   These  included 
curculio  damage,  infertility,  squirrel  acti- 
vity, and  natural  abortion  in  response  to 
moisture  stress.   Curculio  damage  had  the 
greatest  impact  of  the  four  factors.   It  ac- 
counted for  88%  of  the  premature  drop  recorded 
during  the  two  years  of  productivity  studies. 

Seasonal  nut  drop  at  the  Dupont  plantation 
in  1976  occurred  in  two  distinct  periods  (fig. 3) 
The  "June  nut  drop"  included  all  nuts  which 
dropped  before  August  17  as  a  result  of  the 
four  previously  mentioned  factors.   These 
nuts  were  lost  to  production.   The  mature  nut 
drop  occurred  from  September  15  to  November  5. 
Nuts  which  dropped  during  this  period  were 
harvestable.   The  black  walnut  curculio  reduced 
the  nut  crop  by  43%  at  Dupont  in  1976. 

The  1977  black  walnut  productivity  study 
was  expanded  to  include  trapping  sites  in 
three  geographic  areas  of  the  state.   The 
Dupont  plantation  was  again  used  to  represent 
the  northeastern  part  of  Missouri.   An  un- 
managed  tract  of  black  walnut  near  Fayette, 
Missouri,  was  used  as  a  central  Missouri  site. 
The  third  site  was  an  intensively  managed 
black  walnut  fertilization  plot  in  southwestern 
Missouri,  near  Stockton.   Sample  trees  were  of 
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nut-bearing  age,  and  ranged  from  10"  to  12" 
DBH.   Thirty  trees  were  randomly  selected  in 
each  area.   Each  tree  was  sampled  with  four 
traps. 


A  similar  level  of  damage  was  recorded 
at  the  Fayette  trapping  site  (fig.  5).   Again, 
more  nuts  were  collected  during  the  June  nut 
drop  than  during  the  mature  drop.   Sixty-six 
percent  of  the  crop  was  destroyed  by  curculio 
activity. 
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Figure  3. — Seasonal  distribution  of  black 
walnut  nut  drop  at  the  Dupont  planta- 
tion, Ashburn,  Missouri,  in  1976. 

Seasonal  nut  drop  at  the  Dupont  planta- 
tion differed  greatly  in  1977  from  that  of  the 
previous  season  (fig.  4).   Only  a  small  per- 
centage of  the  nuts  reached  maturity.   Cur- 
culio damage  was  responsible  for  a  78%  reduc- 
tion of  the  potential  harvestable  yield. 


Figure  5. — Seasonal  distribution  of  black 

walnut  nut  drop  in  natural  forest,  near 
Fayette,  Missouri,  in  1977. 

The  Stockton  area  was  least  affected  by 
premature  nut  drop  (fig.  6).   Most  of  the 
crop  reached  maturity  at  this  site.   Curculio 
activity  destroyed  only  19%  of  the  developing 
nuts. 
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Figure  4. — Seasonal  distribution  of  black 
walnut  nut  drop  at  the  Dupont  planta- 
tion, Ashburn,  Missouri,  in  1977. 


Figure  6. — Seasonal  distribution  of  black  wal- 
nut nut  drop  at  the  Fox  plantation, 
Stockton,  Missouri,  in  1977. 
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This  level  of  damage  was  not  consistent  with 
other  Missouri  areas.   The  comparatively  low 
impact  was  possibly  linked  with  site  distur- 
bance effected  by  former  practices  in  the 
stand.   Activities  which  affected  the  site 
included  annual  applications  of  simazine  and 
paraquat  to  remove  grass  under  trees,  bull- 
dozer work  to  release  single  trees,  and  the 
use  of  heavy  equipment  in  an  intensive  spray 
schedule  involving  foliar  fertilization.   It 
is  believed  that  the  combination  of  compacted 
soil  and  lack  of  normal  ground  cover  may  have 
adversely  influenced  curculio  populations  on 
the  site.   This  might  explain  the  reduced 
level  of  curculio  damage. 


CONCLUSIONS 

Seasonal  nut  collections  in  1976  and  1977 
showed  that  the  black  walnut  curculio  had  an 
important  impact  on  black  walnut  nut  produc- 
tion in  Missouri.   Statewide,  an  average  of 
51%  of  the  nuts  collected  in  productivity 
studies  dropped  prematurely  as  a  result  of 
curculio  activity.   This  indicates  that  con- 


trol measures  may  be  warranted  in  seed  pro- 
duction areas,  or  where  annual  incomes  from 
nut  crops  are  desired.   Continued  research 
is  needed  in  developing  a  sound  control  pro- 
gram to  reduce  the  impact  of  this  pest. 
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PHYSIOLOGY  AND  SILVICULTURE  OF  BLACK  WALNUT  FOR 
COMBINED  TIMBER  AND  NUT  PRODUCTION 
J.  W.  Van  Sambeek  and  George  Rink-'- 


Abstract. — Research  literature  was  reviewed  for  evidence 
supporting  the  management  of  black  walnut  plantations  for 
combined  timber  and  nut  production.   The  silviculture  of  the 
species  is  discussed  in  relation  to  dual  cropping.   Stimula- 
tion and  phenology  of  flowering  and  fruiting  are  reviewed. 
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Industries  marketing  nut  meats  and  shells 
would  like  a  more  regular  yearly  volume  of  nuts, 
although  walnut  is  considered  a  fairly  consist- 
ent bearer  (Wylie  1966).   Managers  of  seed 
orchards  also  need  methods  for  enhancing  nut 
production  if  they  are  to  annually  supply  nur- 
series with  genetically  improved  seed. 

Evidence  is  presented  showing  that  walnut 
can  be  managed  for  timber  and  improved  nut 
yields. 


MANAGEMENT  STRATEGIES  FOR  TIMBER  AND  NUTS 

Maximizing  timber  yield  conflicts  with 
maximizing  nut  yields.   Maximizing  production 
of  quality  timber  requires  greater  stem  pruning 
and  closer  spacing  of  trees  to  favor  a  longer 
branch-free  bole,  while  increasing  nut  yield 
involves  growing  trees  at  a  wider  spacing  to 
favor  larger  tree  crowns.   Optimizing  both  nut 
and  timber  production  involves  compromises  in 
spacing  as  well  as  in  timing  and  extent  of 
pruning  (Schlesinger  and  Funk  1977). 


■'-Research  Plant  Physiologist  and  Research 
Plant  Geneticist,  respectively,  North  Central 
Forest  Experiment  Station,  Forestry  Sciences 
Laboratory,  Carbondale,  Illinois. 


Initial  tree  spacing  in  plantations 
intended  for  combined  nut  and  timber  production 
is  recommended  to  be  15  to  20  feet  square  com- 
pared to  10  to  12  feet  square  for  timber  alone. 
Planting  trees  at  a  close  spacing  provides  more 
opportunity  for  selection  of  superior  crop 
trees.   It  also  necessitates  an  earlier  thinning 
(Schlesinger  and  Funk  1977,  Funk  et  al .  1978). 

A  criterion  for  determining  the  necessity 
and  timing  of  thinning  is  crown  competition 
factor  (CCF) .   For  nut  production,  the  CCF 
should  not  exceed  90.   A  CCF  of  90  means  that 
the  plantation  will  have  to  be  thinned  when  the 
total  crown  area  covers  90  percent  of  the  plan- 
tation's land  surface  (Schlesinger  and  Funk 
1977).   The  plantation  may  have  to  be  thinned 
three  or  more  times  during  a  rotation.   For 
example,  in  simulating  an  80-year  rotation, 
Foster  and  Kung  (1980)  proposed  thinning  a  plan- 
tation six  times.   With  a  20-foot-square  spacing, 
the  first  thinning  (around  age  20)  would  be 
after  the  trees  have  begun  flowering  and  fruit- 
ing.  Crop  trees  .could  be  selected  on  the  basis 
of  seed  production,  seed  quality  and  stem  form. 

Lateral  pruning  should  begin  when  the  trees 
are  10  to  15  feet  tall  (approximately  age  5)  and 
should  be  continued  in  stages  until  more  than  9 
feet  of  clear  stemwood  is  obtained  on  every  crop 
tree.   The  length  of  clear  stem  should  not 
exceed  50  to  60  percent  of  total  tree  height. 
Only  crop  trees  need  to  be  pruned.   Corrective 
pruning  will  probably  not  be  necessary  because 
trees  with  poor  form  will  be  removed  during 
thinnings  (Schlesinger,  in  press). 

No  research  data  are  available  on  combined 
nut  and  timber  production  from  walnut  planta- 
tions. Using  simulation  techniques,  Foster  and 
Kung  (1980)  compared  the  economic  efficiency  of 
managing  for  combined  nut  and  timber  production 
versus  managing  for  timber  alone.   They  found 
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that  managing  for  combined  nut  and  timber 
production  was  more  profitable  than  managing 
for  timber  alone,  as  long  as  the  annual  com- 
pound interest  rate  exceeded  6  3/4  percent  and 
rotations  were  longer  than  40  years.   Similar 
conclusions  have  been  made  by  Wylie  (1966) , 
Callahan  and  Smith  (1974),  Garrett  and  Kurtz 
(1980),  and  Kincaid  and  Kurtz  (1981)  using 
different  economic  and  tree  growth  assumptions. 

Most  projections  for  diameter  growth 
assume  it  is  a  linear  function  of  age  with  an 
average  annual  increment  of  0.33  in/yr  (Naughton 
1970),  0.33  to  0.5  in/yr  (Garrett  and  Kurtz 
1980),  or  up  to  0.56  in/yr  (Wylie  1966).   Pro- 
jections for  nut  yields  as  a  linear  function  of 
diameter  at  breast  height  for  open-grown  trees 
are  illustrated  in  figure  1  (Foster  and  Kung 
1980,  Garrett  and  Kurtz  1980). 
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Foster  and  Kung's  projection  (fig.  1),  an  80- 
year-old  walnut  with  an  average  annual  diameter 
growth  rate  of  0.33  in/yr  should  produce  about 
3,100  pounds  of  air-dried,  hulled  nuts  during 
its  lifetime.   This  equals  about  11,600  pounds 
of  unhulled  nuts  (Funk  and  Polak  1979).   Life- 
time nut  production  will  reduce  potential  stem 
diameter  from  27.4  to  26  inches.   This  reduction 
equals  4  or  5  years  of  growth  or  about  18  board 
feet  in  the  8-foot  veneer  log.   The  value  of 
the  nut  crop  at  current  prices  substantially 
exceeds  the  value  of  lost  diameter  growth  for 
average  grade  walnut  veneer  logs.   Shortening 
the  rotation  length  can  reduce  both  nut  produc- 
tion and  its  potential  effect  on  diameter  growth. 

Management  guidelines  are  now  available 
for  improving  diameter  growth  of  black  walnut 
on  marginal  sites  (Schlesinger  and  Funk  1977). 
But  what  little  information  is  available  about 
improving  nut  yields  has  not  been  tested.   Before 
we  can  reasonably  expect  to  manipulate  stands  to 
improve  nut  yields,  we  must  understand  the 
physiology  of  flowering  and  fruiting  for  walnut. 
Most  research  on  flowering  and  fruiting  in 
Juglandaceae  has  been  with  English  walnut  and 
pecan,  but  it  is  assumed  that  much  of  this 
information  also  applies  to  black  walnut. 


FLOWERING  BIOLOGY 

Black  walnut  normally  begins  flowering 
about  mid-April  in  the  southern  part  of  the 
range  and  mid-June  in  the  northern  part  of  the 
range,  although  within  individual  stands  trees 
may  vary  by  as  much  as  a  month  in  flowering 
dates  (Masters  1974,  McDaniel  1956).   Flower 
development  and  leafing  out  occur  at  approxi- 
mately the  same  time,  early  enough  for  possible 
damage  by  late  spring  frosts  (fig.  2).   Polli- 
nation and  fertilization  normally  occur  a  few 
weeks  after  the  mean  frost-free  date  and  are 
less  likely  to  be  affected  by  late  spring  frosts. 


Figure  1. — Projections  of  average  nut  production 
by  different  diameter  walnut  trees.   Solid 
line  is  for  air-dried  weight  after  Foster  and 
Kung  (1980);  dashed  line  for  freshly  hulled 
weight  after  Garrett  and  Kurtz  (1980). 


One  concern  sometimes  raised  about  combined 
timber  and  nut  production  is  that  potential  tree 
growth  may  be  diverted  into  a  nut  crop,  possibly 
resulting  in  smaller  trees.   For  apple  trees 
(8  to  9  inches  dbh)  the  stem  cross  sectional 
area  lost  due  to  fruit  production  is  approxi- 
mately 0.005  square  inch  per  pound  of  fruit 
(Webster  and  Brown  1980).   Because  no  such  wal- 
nut data  are  available,  it  will  be  assumed  that 
the  reduction  in  walnut  growth  due  to  fruiting 
is  similar  to  that  of  apples.   According  to 
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Male  flowers  are  found  on  wood  grown  in 
the  previous  season;  they  are  initiated  in 
vegetative  buds  during  the  period  of  rapid 
shoot  elongation  early  in  the  growing  season  of 
the  previous  year.   Female  flowers  are  found  at 
the  tip  of  the  current  growing  shoot,  developing 
in  dormant  buds  set  after  completion  of  the 
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Figure  2. — Sequence  of  flower  development,  pollination,  and  nut  maturation  for  black  walnut  in 

southern  Illinois 


previous  year's  growth  (fig. 
Masters  1974,  Funk  1978). 


2)  (Ramina  1969, 


Several  factors  influence  flowering  abun- 
dance.  All  flowers  are  essentially  borne  on 
the  crown  surface.   Any  cultural  practices 
increasing  the  crown  surface  area,  or  number 
of  new  branches,  will  increase  the  number  of 
potential  flowering  sites.   In  English  walnut 
the  number  of  female  flowers  increases  as  growth 
is  increased  (Link  1961).   Likewise,  increased 
nut  yields  in  black  walnut  in  response  to  fer- 
tilization (Ponder  1979)  and  weed  control  (Holt 
and  Voeller  1973)  may  be  related  to  improved 
vigor  resulting  in  more  branches  and  branch 
growth  and  consequently  more  flower  production. 

Late  spring  frosts  often  reduce  the  num- 
ber of  flowers  reaching  maturity.   Compared 
with  clean  cultivation,  maintenance  of  legumi- 
nous or  grass  covers  in  walnut  plantations  may 


delay  bud  break  by  as  much  as  6  to  12  days, 
thereby  decreasing  the  probability  of  damage  to 
new  growth  and  flowers  (Wolstenholme  1970) . 
Overtree  irrigation  in  the  spring  will  also 
delay  bud  break  and  flowering  from  5  to  6  days 
(Beineke  and  Hunley  1979). 

Little  research  has  been  done  on  the  use 
of  chemical  sprays  to  alter  new  shoot  growth 
and  subsequent  flower  production.   Marth  and 
Mitchell  (1961)  found  that  gibberellin  treat- 
ments promoted  walnut  shoot  elongation.   Foliar 
spray  application  may  also  increase  flower 
production  through  improved  branch  growth. 
Langrova  and  Sladky  (1971)  found  that  auxin- 
containing  sprays  applied  to  English  walnut 
when  male  flowers  were  forming  decreased  the 
number  of  catkins  formed  the  following  years; 
anti-auxin  sprays  applied  after  male  flowers 
formed  increased  the  number  of  catkins,  many 
of  which  contained  female  flowers.   The 
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formation  of  male  and  female  flowers  is 
apparently  controlled  by  the  interaction  of 
gibberellins,  auxins,  and  growth  inhibitors 
within  the  developing  shoots  (Sladky  1974). 
Further  research  is  needed  on  cultural  and 
chemical  methods  to  stimulate  flower  formation 
and  nut  development. 


FRUITING  BIOLOGY 

Fertilization  occurs  within  2  to  5  days 
of  pollination,  followed  by  a  period  of  rapid 
expansion  of  the  fruit  during  the  next  5  to  6 
weeks  (fig.  2).   Fruits  increase  in  weight  sub- 
stantially before  entering  the  shell-hardening 
stage  in  early  July,  although  increases  in  size 
are  not  noticeable  at  this  time.   During  the 
latter  part  of  the  shell-hardening  stage  (late 
July) ,  the  embryo  and  cotyledons  begin  to 
enlarge  rapidly,  incorporating  most  of  the 
previously  deposited  endosperm.   The  kernel, 
composed  of  the  embryo  and  cotyledons,  usually 
does  not  develop  until  4  to  5  weeks  before  the 
nuts  are  mature.   By  late  August,  some  nuts 
can  germinate  after  stratification.   Most  nuts, 
however,  continue  to  increase  in  dry  weight 
and  do  not  drop  from  the  tree  until  shortly 
after  leaf  fall  in  late  September  or  early 
October. 

Once  the  nutlets  are  formed,  nutlet  loss 
is  usually  due  to  disease  or  insect  infestations. 
Blair  and  Kearby  (1979)  found  that  more  than  50 
percent  of  the  potential  nut  crop  in  Missouri 
walnut  plantations  was  destroyed  by  the  walnut 
curculio.   Epidemics  of  walnut  anthracnose  early 
in  the  growing  season  can  cause  significant  nut- 
let losses;  later  or  less  severe  disease  out- 
breaks lead  to  poor  nut  filling  and  darkened 
kernels  called  ambers  (Funk  1979). 

Summer  droughts  can  also  lead  to  poor 
filling  of  the  kernels  and  may  also  delay  seed 
maturity  (Batchelor  e_t  al.  1945,  Crane  1949). 
Jones  (1975)  found  that  June,  July,  and  August 
rainfall  is  an  important  variable  in  predicting 
annual  nut  crops  in  southwest  Missouri.   Irri- 
gation during  August  and  September  may  be 
important  for  high  nut  yields,  because  these 
months  often  include  long  dry  spells. 

Early  fall  frosts  can  injure  new  growth 
before  it  is  completely  lignified,  preventing 
complete  nut  development  and  causing  undesirable 
shrivel  (Funk  1979).   This  frost  danger  is 
especially  pertinent  because  recommendations 
for  collecting  seed  200  miles  south  of  the 
planting  site  for  greater  timber  production  may 
result  in  immature  nut  crops  (Sparks  1981). 
This  problem  may  possibly  be  overcome  by  chemi- 
cal treatment.  In  English  walnuts,  fall  spraying 
with  ethephon  produces  a  mature  nut  crop  1  to 


3  weeks  sooner,  and  the  sprayed  trees  produce 
higher  quality  nuts  than  the  unsprayed  trees 
(Martin  1971,  Sibbett  et  al.  1974).   Another 
alternative  may  be  underplanting  with  legumi- 
nous winter  annuals  to  accelerate  tree  dormancy 
(Auchter  and  Knapp  1937) . 

The  minimum  seed-bearing  age  for  commercial 
quantities  of  nuts  is  about  12  years,  although 
open-grown  trees  produce  some  seeds  as  early  as 

4  years  after  outplanting  (Schlesinger  and  Funk 
1977).   The  biggest  challenge  in  managing  wal- 
nut for  timber  and  nut  production  is  to  main- 
tain regular  annual  yields.   On  open-grown 
trees,  nut  crops  are  produced  most  commonly  in 
an  alternate-year  cycle;  some  trees  bear 
annually,  others  bear  in  1  or  2  years  out  of  3, 
and  many  bear  with  no  regular  pattern  at  all 
(Zarger  et  al.  1969).   Alternate  bearing  is 
characteristic  of  most  fruit  trees  with  late- 
season  fruit  maturation  and  is  related  to  the 
carbohydrate  concentration  in  the  plant  (Sparks 
1979) .   Late-season  kernel  development  makes  a 
high  demand  on  available  carbohydrates  and 
stored  reserves  when  the  new  female  flowers 
are  forming.   Increasing  the  leaf  area  per  unit 
of  fruit  may  decrease  the  alternate  bearing 
tendency  (Sparks  1979) .   Before  thinning  plan- 
tations, the  manager  may  be  able  to  identify 
those  trees  with  good  form  that  are  persistent 
bearers  or  trees  that  produce  crops  during  "off" 
years.   Wylie  (1966)  suggested  annually  spot 
painting  trees  that  have  above-average  nut 
yields  for  a  period  of  5  to  10  years  before 
thinning  to  facilitate  crop  tree  selection. 

Nut  quality  should  also  be  considered  when 
selecting  trees  for  yields.  Kernel  percentage, 
the  dry  weight  of  kernel  as  a  percent  of  the 
dry  weight  of  the  entire  nut,  is  the  key  factor 
in  nut  quality  and  should  be  more  than  20  per- 
cent (Funk  1979) .  Such  nuts  can  be  expected  to 
command  a  higher  price  (Garrett  and  Kurtz  1980) . 


CONCLUSIONS 

Managing  for  nuts  and  timber  requires  a 
lower  level  of  stocking  than  for  timber  alone 
to  ensure  rapid  growth  of  large-crowned  trees. 
The  landowner  must  also  prune  trees  to  a  minimum 
clear  height  of  9  feet  and  select  for  higher  nut 
yielding  trees  before  the  last  pre-commercial 
thinning. 

Managers  of  seed  orchards  must  select  trees 
for  rapid  growth  and  nut  production  to  provide 
landowners  with  the  desired  types.   Also,  they 
may  have  to  select  for  late  bud  break  and  use 
techniques  like  overtree  irrigation  and  herbaceous 
cover  crops  to  delay  bud  break  and  flowering. 
Late-summer  irrigation  may  be  needed  to  ensure 
proper  kernel  development,  and  chemical  ripeners 
may  be  used  to  ensure  a  harvest  of  mature  nuts. 
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NUT  PRODUCTION — A  VALUAB1E  ASSET  IN 

BLACK  WALNUT  MANAGEMENT1 

Harold  E.  Garrett  and  William  B.  Kurtz2 


Abstract. — Black  walnut  nut  production  is  a  viable 
source  of  income  for  landowners  involved  in  black  walnut 
management.   An  evaluation  of  the  impact  of  nut  produc- 
tion on  economic  yields  of  two  management  options,  timber 
vs.  timber  and  nuts  (timber  option)  and  timber  and  wheat 
vs.  timber,  wheat  and  nuts  (multicropping  option)  revealed 
greater  economic  returns  from  management  regimes  including 
nut  production.   Increases  in  internal  rate  of  return  (TRR) 
and  present  net  worth  (PNW)  ranged  from  0.5  to  2.2  percent 
and  $438  to  $2844,  respectively,  depending  on  management 
option  and  nut  prices. 


Eastern  black  walnut  is  regarded  as  one 
of  the  most  valued  of  American  native  woods. 
Its  wide  use  in  the  production  of  furniture, 
wall  paneling,  and  gunstocks  has  resulted  in 
substantial  literature  detailing  the  economic 
virtues  of  producing  high  quality  veneer  and 
sawlogs  (Schlesinger  and  Funk  1977).   However, 
little  has  been  written  on  the  economics  of 
black  walnut  nut  production.   This  is  somewhat 
of  an  anomaly  in  view  of  the  fact  that  one  of 
the  economic  advantages  of  planting  black  wal- 
nut over  other  hardwood  species  is  that  it 
produces  a  marketable  nut  crop  of  considerable 
value.   Although  Mattoon  and  Reed  (1924)  sug- 
gested that  "for  the  present  the  nut  crop  of 
the  black  walnut  should  be  regarded  only  as 
incidental  to  the  general  farm  operation — a 
by-product  of  the  farm  and  not  a  staple  crop," 
this  does  not  hold  in  1981.   An  available 
market  for  the  sale  of  nuts  exists  in  most 
states  where  black  walnut  is  grown  with  the 
demand  for  nuts  exceeding  the  supply. 

With  intensive  management,  black  walnut 
will  produce  commercial  nut  crops  on  all  sites 
by  age  20  and  will  produce  commercial  crops  on 
many  by  age  15.   In  recent  years  nut  values 
have  ranged  from  $3-$5.00  per  hundred  pound 
weight  (cwt)  for  nuts  collected  from  native 
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groves.   However,  as  high  as  $24.00  per  cwt. 
has  been  paid  for  plantation-grown  nuts.   Dif- 
ferences in  prices  arise  from  differences  in 
percentage  crackability .   Nuts  from  natural 
stands,  under  commercial  processing,  yield  an 
average  of  only  eight  pounds  of  kernels  per 
cwt.  of  hulled  nuts.   With  plantation  condi- 
tions, a  yield  of  20  or  more  pounds  of  kernels 
per  cwt.  is  projected  at  a  significantly  higher 
value. 

To  evaluate  the  economic  importance  of  nut 
production  in  walnut  management,  potential 
gains  with  and  without  nuts  from  two  basic 
management  options  (timber  and  multicropping) 
are  compared. 


MANAGEMENT  ALTERNATIVES  AND  ASSUMPTIONS 

There  are  countless  walnut  management  op- 
tions which  can  be  designed  to  accomodate  the 
objectives  of  the  landowner  within  limitations 
of  the  site.   For  the  purpose  of  evaluating  the 
impact  of  nut  production  on  economic  yields  a 
comparison  was  made  within  two  basic  options: 
timber  vs.  timber  and  nuts  (timber  option)  and 
timber  and  wheat  vs.  timber,  wheat  and  nuts 
(multicropping  option) .   These  alternatives 
were  developed  using  conditions  relating  to 
black  walnut  production  in  Missouri  but  are  ap- 
plicable throughout  the  natural  range  of  the 
species.   Factors  considered  are  site  quality, 
diameter  growth  rate,  number  of  trees  planted 
per  acre,  pruning  height  and  thinning  regimes. 
The  reader  is  referred  to  Kincaid  et  al. 
(1981)  for  specific  details  on  these  factors. 
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For  this  comparison  site  quality  and  ro- 
tation length  are  held  constant.   A  site  in- 
dex of  80  is  assumed  with  a  projected  average 
diameter  growth  rate  of  1/2-inch  per  year.   A 
rotation  length  of  60  years  was  selected  for 
all  management  alternatives.   Thinning  recom- 
mendations are  based  on  projected  diameter 
classes  and  crown  competition  factors  (CCF- 
Schlesinger  and  Funk  1977)  resulting  in  pre- 
commerclal  and  commercial  thinnings. 


Timber 

Black  walnut  is  a  species  of  great  gene- 
tic variation.   Because  of  its  variability, 
it  is  important  in  timber  production  to  uti- 
lize a  close  spacing,  securing  selection  gain 
through  thinning.   While  the  spacing  may  vary 
with  site  and  specific  management  objective, 
a  spacing  of  12  x  12  feet  (300  stems /acre)  has 
been  selected  for  this  analysis.   Forty  trees 
are  selected  for  a  first  pruning  to  a  height 
of  nine  feet  at  age  eight.   A  second  pruning 
of  27  crop  trees  (to  be  selected  from  the 
original  40)  is  conducted  at  age  16  to  a  height 
of  17  feet.   Through  selective  thinning,  the 
number  of  trees  are  reduced  to  2  7  (approxi- 
mately 40  x  40  feet)  by  rotation  end.   A  maxi- 
mization of  log  quality  is  achieved  through 
artificial  pruning. 


cover  a  fluctuating  market.   Nut  yields  (Table 
1)  are  also  intentionally  conservative  in  an 
attempt  to  offset  the  unknown  cost  of  harvest- 
ing. 


Table  1. — Projected  nut  yields  from  black  wal- 
nut under  plantation  management. 


Avg  dbh 


Estimated  yield 


(pounds  of  hulled 
(inches)     v  .  . 

nuts/acre) 

11.0  2128 

13.5  2286 

15.5  2238 

18.5  2937 

22.5  2937 

27.5  2916 

32.5  2916 


After  Kincaid,  W.  H.,  1981.   Economic-silvi- 
culture aspects  of  black  walnut  management, 
M.S.  Thesis,  School  of  Forestry,  Fisheries 
and  Wildlife,  University  of  Missouri-Columbia. 
(Yield  esLimates  derived  by  linear  regression 
from  Zarger  (1946)  and  increased  by  fifty 
percent  to  account  for  increased  yield  from 
plantation  management.) 


Timber  and  Nuts 

Growing  walnut  for  timber  and  nuts  re- 
quires the  use  of  a  wider  spacing  than  grow- 
ing trees  for  timber  alone.   This  is  import- 
ant to  develop  a  large,  relatively  uninhibited 
crown.   Therefore,  a  40  x  10-foot  spacing 
providing  108  trees  per  acre  was  selected. 
As  in  timber  production,  selection  gain  is 
achieved  through  precommercial  and  commercial 
thinnings  applied  to  reduce  the  number  of 
trees  to  27  by  age  33.   Clear-length  pruning 
within  this  regime  differs  from  the  pure  tim- 
ber regime  in  that  the  management  objective 
is  a  shorter  log  with  greater  emphasis  placed 
on  crown  size  for  nut  production.   At  age  ten, 
40  trees  are  pruned  to  a  height  of  9  feet.   As 
in  the  timber  management  regime,  27  crop  trees 
are  selected  for  a  second  pruning.   Pruning 
occurs  at  age  20  and  extends  the  clear  length 
of  the  stem  to  15  feet. 


Timber  and  Wheat 

A  timber  and  wheat  management  regime  as- 
sumes plantation  establishment  and  management 
practices  similar  to  those  of  the  timber  and 
nuts  alternative — i.e.,  number  of  trees  per 
acre,  thinning  schedules,  pruning  heights, 
growth  and  nut  yields  are  unchanged.   However, 
an  intercrop  of  winter  wheat  is  grown  between 
walnut  rows  for  the  first  ten  years.   Although 
wheat  could  be  produced  over  a  longer  period 
without  significant  yield  reductions  resulting 
from  walnut  competition,  in  our  analysis  it  is 
projected  for  only  ten  years  due  to  practical 
considerations  relative  to  management.   In 
growing  wheat,  a  minimum  of  three  feet  is  left 
between  the  crop  and  trees.   This  land  is  re- 
moved from  production  to  minimize  competition 
in  the  early  spring  and  to  reduce  damage  to 
the  walnut  root  system  that  might  occur  during 
site  preparation. 


Nut  prices  are  projected  at  $5,00,  $9.00, 
$15.00  and  $20.00  per  hundred  pound  weight  of 
hulled  nuts.   The  prices  are  conservative  in 
view  of  the  fact  that  $24.00  per  cwt  has  been 
paid  in  recent  years  for  plantation  grown  nuts 
(personal  communication,  Gus  Rutledge,  Hammons 
Products  Co.,  Stockton,  Missouri).   However, 
it  provides  a  reasonable  range  of  prices  to 


Timber,  Nuts  and  Wheat 

Timber  and  wheat  establishment  and  man- 
agement practices,  and  costs  and  revenues  are 
the  same  for  both  the  timber,  nuts  and  wheat 
and  timber  and  wheat  regimes.   However,  the 
timber,  nuts  and  wheat  regime  does  have  the 
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additional  benefit  of  nut  yields  which  are 
assumed  to  be  the  same  as  from  timber  and 
nuts. 

ECONOMIC  EVALUATION 

The  economic  contribution  of  nut  produc- 
tion to  a  black  walnut  management  scheme  was 
assessed  by  comparing  the  internal  rates  of 
return  (IRR)  and  present  net  worth  (PNW)  gene- 
rated by  cash  flows  from  the  two  basic  manage- 
ment options  with  and  without  nut  production. 
As  indicated  previously,  nut  prices  of  $5.00, 
$9.00,  $15.00  and  $20.00  per  cwt .  were  used 
in  evaluating  the  two  options  that  included 
nut  production.   All  other  prices  are  the  same 
as  those  shown  in  Kincaid  et  al.  (1981).   Wal- 
nut stumpage  prices  for  commercial  thinning 
and  final  harvest  material  were  inflated  at 
an  annual  rate  of  1.5  percent  (Hoover  1978). 

Greater  economic  returns  were  realized 
from  those  management  regimes  including  nut 
production  (Table  2).   For  both  the  timber 
and  the  multicropping  options  nut  production 
accounted  for  an  addition  to  IRR  of  from  0.5 
to  2.2  percent  depending  on  nut  prices.   In  a 
similar  fashion,  increases  in  PNW  ranged  from 
$523  to  $2844  per  acre  for  the  timber  option 
and  from  $438  to  $2598  per  acre  for  the  mul- 
ticropping option.   The  slightly  higher  levels 
of  difference  in  PNW  for  the  timber  option 
over  the  multicropping  option  are  due  to  the 
additional  costs  incurred  in  establishing  and 
precommercially  thinning  the  extra  192  trees 
required  in  the  timber  regime — costs  that  are 
not  offset  by  the  greater  stumpage  yields  for 
commercial  thinning  and  final  harvest  in  the 
timber  regime. 


With  increased  nut  prices,  the  respective 
IRRs  for  the  two  regimes  including  nut  produc- 
tion would  increase  by  1  to  6  percent  over  the 
$5.00  to  $20.00  per  cwt.  price  range  (Table  2). 
For  the  timber  and  nuts  regime  an  increase  in 
PNW  of  $2321  per  acre  and  for  the  timber,  nuts 
and  wheat  regime  an  increase  in  PNW  of  $2159 
per  acre  would  result  from  the  increase  in  nut 
prices.   Obviously,  the  resultant  increases  in 
the  financial  return  measures  are  linked  direct- 
ly to  the  expected  nut  yields  of  the  respective 
regimes . 

The  sensitivity  of  IRR  relative  to  changes 
in  nut  yields  was  examined  to  determine  the  ef- 
fects of  such  variations  on  the  stability  of 
IRR  for  the  two  regimes  incorporating  nut  pro- 
duction (Table  3) .   Since  IRR  is  conditioned  by 
product  price,  it  becomes  more  sensitive  to  nut 
yield  changes  as  nut  price  is  increased.   For 
example,  at  the  lower  nut  price  of  $5.00  per 
cwt.  annual  nut  yield  would  have  to  be  increas- 
ed by  well  over  one-and-one-half  times  for  ei- 
ther regime  to  increase  IRR  by  one  percent. 
In  contrast,  at  a  nut  price  of  $20.00  per  cwt. 
annual  nut  yields  would  only  have  to  increase 
by  just  over  one-half  to  increase  IRR  by  one 
percent. 

Conclusions 

Management  of  black  walnut  stands  for  nut 
production  in  conjunction  with  timber  produc- 
tion or  a  multicropping  alternative  is  clearly 
to  one's  financial  advantage.  Higher  returns 
are  yielded  by  those  management  regimes  incor- 
porating nut  production  in  comparison  to  those 
which  do  not.  Depending  on  assumed  nut  price, 
increases  in  PNW  of  from  $400  to  $2900  per 


1  2 

Table  2. — Internal  rate  of  return   (IRR)  and  present  net  worth   (PNW)  of  four  alternative  black 

walnut  management  regimes  at  nut  prices  of  $5,  $9,  $15,  and  $20  per  cwt. 


Management 
regime 


$5 


$9 


$15 


$20 


TRR 


PNW 


IRR 


PNW 


IRR 


PNW 


IRR 


PNW 


(Pet)    ($   per  ac.)       (Pet)    ($   per   ac.)       (Pet)    ($   per   ac . )       (Pet)    ($   per  ac.) 


Timber 

Timber  and  nuts 


6.68 

2471.94 

6.68 

2471.94 

6.68 

2471.94 

6.68 

2471.94 

7.27 

2994.74 

7.71 

3613.65 

8.33 

4542.03 

8.81 

5315.67 

Timber  and  wheat         8.20    3344.89     8.20   3344.89     8.20   3344.89     8.20   3344.89 
Timber,  nuts  and  wheat   8.74   3782.68     9.23   4358.62     9.91   5222.52     10.42   5942.44 


Internal  rate  of  return  is  the  average  interest  rate  earned  on  all  costs  up  until  the  time  of 

investment  maturity. 
Present  net  worth  is  the  net  value  of  the  stream  of  costs  and  revenues  discounted  back  to  the 

present  at  a  5.0  percent  interest  rate. 
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Table  3. — Sensitivity   of  internal  rate  of  return  to  changes 
in  nut  yields  for  two  black  walnut  management  regimes  at 
nut  prices  of  $5,  $9,  $15  and  $20  per  cwt . 


Management 
regime 


$5 


$9 


$15 


$20 


—  Percent- 


Timber  and  nuts  189.33 

Timber,  nuts  and  wheat      168.35 


110.57 
101.14 


72.08 
68.52 


58.15 
56.79 


Sensitivity  is  expressed  as  the  percent  increase  in  annual 
nut  yield  required  to  increase  internal  rate  of  re- 
turn by  1.0  percent. 


acre  may  be  attributable  to  the  value  of  nuts 
produced  over  the  60-year  rotation. 

Nut  production  in  a  multicropping  regime 
— timber,  nuts  and  wheat,  in  this  instance-- 
offers  the  greatest  financial  returns  of  those 
alternatives  considered  due  to  the  earlier  re- 
turns from  crop  yields,  later  supplemented  by 
nut  yields.   In  comparison  to  the  timber  and 
nuts  management  regime,  the  multicropping  re- 
gime including  nuts  generates  additional  PNW 
of  $600  to  $800  per  acre  depending  on  assumed 
nut  prices. 

The  financial  success  of  managing  for  nut 
production  is  directly  linked  to  the  price  of 
nuts.   Obviously,  the  higher  the  price  received 
the  more  profitable  will  be  management  for  nut 
production.   Although  not  completely  support- 
able, given  the  present  and  the  anticipated 
supply-demand  situation  for  black  walnut  nut 
meats,  it  is  quite  likely  that  the  price  paid 
for  quality  hulled  nuts  will  experience  a  con- 
tinued rise. 

Our  view  is  based  on  the  many  potential 
uses  for  hulls,  and  nut  meats  as  well  as  cur- 
rent market  requirements  which  are  not  being 
met.   In  good  crop  years,  Hammons  Products 
Company,  Stockton,  Missouri,  the  Gravett  Shell- 
ing Company,  a  Division  of  Hammons  Products, 
Gravett,  Arkansas,  and  Funsten  Nut  Division  of 
Pet,  Inc.,  Bolivar,  Missouri,  the  major  pur- 
chasers of  eastern  black  walnut  nuts  attempt 
to  buy  a  total  of  approximately  60  million 
pounds  of  hulled  nuts.   Only  rarely  is  this 
achieved.   In  1980,  only  four  million  pounds 
were  available  for  purchase.   Since  eastern 


black  walnut  nut  meat  is  presently  sold  only 
as  a  flavoring  agent  and  little  or  no  con- 
sideration has  been  made  for  its  nutritional 
value,  the  extractable  fat  from  the  nut  meat 
or  the  export  market,  the  potential  market  for 
eastern  black  walnut  kernels  has  hardly  been 
tapped.   In  light  of  this,  a  market  demand  of 
200  million  pounds  per  year  is  not  considered 
to  be  unrealistic. 

These  are  encouraging  results  for  black 
walnut  growers.   By  emphasizing  nut  production, 
an  additional  reliable  source  of  income  is 
available  for  the  majority  of  the  rotation 
period. 
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THE  STATUS  OF  BLACK  WALNUT  TREE  IMPROVEMENT  PROGRAMS 

IN  THE  NORTH  CENTRAL  REGION 

George  Rink  and  Henry  E.  Stelzerl 


Abstract. — Black  walnut  was  found  to  be  a  high  priority 
species  for  improvement  in  Central  and  North  Central  United 
States.   Most  State  improvement  programs  have  as  their  goal 
the  ability  to  meet  seedling  requirements  with  improved 
seed.   States  included  in  this  report  may  have  orchard  acre- 
age sufficient  to  meet  this  goal.   Anticipated  year  of  pro- 
duction of  improved  seed  from  seed  orchards  and  seedling 
demand  projections  are  presented  by  States. 


INTRODUCTION 

Genetic  improvement  of  black  walnut  has 
been  advocated  for  at  least  20  years.   Although 
Wright  (1966)  outlined  several  approaches  to 
such  improvement,  he  felt  that  a  basic  improve- 
ment program  to  include  selection,  provenance, 
and  progeny  testing  would  be  the  most  efficient 
and  productive  approach  in  the  long  run. 

Although  the  feasibility  of  genetic 
improvement  of  walnut  is  fairly  well  docu- 
mented by  research,  the  application  of  research 
results  has  apparently  lagged  behind  (Bey  1973, 
Funk  1973).   However,  walnut  action  tree 
improvement  programs  now  exist  and  it  seems 
that  large-scale  production  of  improved  walnut 
seedlings  will  be  a  reality  soon. 

Most  tree  improvement  programs  have  as 
their  primary  goal  the  production  of  faster 
growing,  pest  resistant  trees  with  better  form 
for  increased  timber  yield.   Such  improvement 
is  accomplished  by  identifying  and  selecting 
the  best  trees  and  propagating  them  in  seed 
orchards.   Seed  from  such  orchards  are  used  to 
produce  improved  nursery  stock  for  future 
reforestation.   From  this  standpoint  the 
ability  of  these  improved  trees  to  produce 
nuts  is  critical.   The  essential  concept  of  an 
orchard  involves  using  trees  of  known  high 
genetic  potential  for  seed  production  as 
opposed  to  buying  or  collecting  seed  from  per- 
haps unseen  and  certainly  untested  trees. 


Research  Geneticist,  North  Central  Forest 
Experiment  Station,  Forestry  Sciences  Labora- 
tory, Carbondale,  Illinois,  and  Forest  Geneti- 
cist, Division  of  Forestry,  Missouri  Depart- 
ment of  Conservation,  Licking,  Missouri. 


INFORMATION  SURVEY 

Questionnaires  were  mailed  to  11  State 
agencies  or  universities  in  the  commercial 
range  of  black  walnut  requesting  information 
on  current  status  and  future  plans  for  the 
species.   States  included  in  this  informal  sur- 
vey were  Illinois,  Iowa,  Indiana,  Kansas, 
Kentucky,  Michigan,  Minnesota,  Missouri,  Ohio, 
Tennessee,  and  Wisconsin.   Although  other 
states  in  the  East  and  Northeast  produce  wal- 
nut seedlings,  most  of  their  activities  are 
centered  around  growing  walnut  in  an  urban  set- 
ting or  for  nut  production.   These  States  have 
small  areas  that  would  qualify  as  classical 
walnut  sites  and  their  seedling  production  is 
usually  lower  than  in  the  Central  and  North 
Central  States.   Consequently,  walnut  tree 
improvement  efforts  have  a  lower  priority  in 
the  East  and  Northeast  and  they  were  not 
included  in  this  survey.   Additional  informa- 
tion was  provided  by  USDA  Forest  Service, 
State  and  Private  Forestry. 2 


RESULTS 

All  11  States  were  involved  with  walnut 
improvement,  although  the  level  of  involvement 
varied  from  State  to  State.   The  least  inten- 
sive level  of  involvement  was  represented  by 
cooperation  in  provenance/progeny  testing, 
while  the  highest  level  involved  actual  orchard 
design  and  progeny  testing  with  plans  for 
creating  second  generation  orchards.   Most 
programs  may  be  described  as  basic  improvement 
programs  (Wright  1966) . 


Verba]  communication,  Mr.  Clyde  M.  Hunt, 
Broomall,  PA,  June  1981. 
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Most  responses  to  the  questionnaire  indi- 
cated high  priority  for  walnut  improvement  and 
five  States  ranked  walnut  as  the  number  one 
priority  species  (table  1).   Many  respondents 
also  indicated  that  their  long-term  goal  was 
to  have  all  State  nursery  production  of  walnut 
from  improved  seed. 

Responses  reflect  two  basically  different 
approaches  to  seed  orchards — clonal  vs.  seed- 
ling.  In  a  clonal  walnut  orchard,  selected 
trees  are  propagated  by  grafting  while  seedling 
seed  orchards  are  created  by  planting  seed  of 
select  trees  and  subsequently  thinning  the 
resulting  stand  to  retain  only  the  best  pheno- 
types  for  seed  production. 

In  many  cases,  there  is  a  fundamental 
philosophical  difference  between  the  two 
approaches.   The  clonal  approach  usually  relies 
upon  the  belief  that  a  certain  amount  of  gain 
can  be  achieved  by  selecting  superior  trees  in 
the  wild  and  vegetatively  propagating  such 
trees.   For  example,  Indiana,  Kansas,  and 
Kentucky  rely  upon  selecting  trees  on  the  basis 
of  growth  rate,  straightness ,  branch  angle, 
bole  quality,  and  apical  dominance;  trees  are 
selected  and  cloned  if  they  are  above  average 
to  superior  in  all  or  most  of  these  traits. 
This  approach  is  most  common  with  tree  species 
growing  in  even-aged  stands.   Selection  is  on 
the  basis  of  comparison  of  these  traits  with 
neighboring  trees.   However,  due  to  the 
scattered  distribution  of  walnut  and  its  habit 
of  growing  in  uneven-aged  stands,  such  compari- 
son tree  selection  schemes  may  not  be  reliable 
or  efficient.   As  a  result,  selection  of  walnut 
in  the  wild  is  usually  empirical,  with  no 
formal  grading  system. 


By  contrast,  the  seedling  seed  orchard 
approach  is  one  selected  by  Iowa,  Wisconsin, 
Minnesota,  and  USDA  Forest  Service.   By  this 
approach,  single  tree  nut  collections  are  used 
to  create  progeny  tests.   Mother  trees  from 
which  nuts  are  collected  for  progeny  tests  are 
not  rigorously  selected;  usually  they  are  stip- 
ulated to  be  only  of  average  or  better  quality. 
Rigorous  selection  at  this  stage  is  avoided 
because  it  is  felt  that  there  is  no  way  to 
evaluate  single  trees  for  important  traits  with- 
out even-aged  neighbor  trees  growing  on  a  simi- 
lar site  under  similar  conditions.   In  this 
approach  rigorous  selection  is  carried  out  at 
the  progeny  test  stage. 

Actually,  the  differences  between  the  two 
approaches  are  not  clearcut  because  selected 
trees  are  usually  progeny  tested  in  the  clonal 
approach,  too.   Final  selection  for  seed  orchard 
inclusion  is  usually  withheld  until  progeny  test 
results. 

The  two  States  with  the  most  advanced  wal- 
nut improvement  programs  are  Indiana  and  Missouri. 
Both  States  expect  to  be  producing  improved  seed 
from  their  first  generation  orchards  by  1985  and 
both  list  black  walnut  as  their  first  priority 
species. 

The  Indiana  program  is  the  oldest  State- 
operated  walnut  improvement  program.   It  is  a 
coordinated  effort  between  the  Indiana  Depart- 
ment of  Natural  Resources  and  Purdue  University. 
This  program  has  placed  more  emphasis  on  selec- 
tion of  wild  trees  than  in  any  other  State. 
Selections  have  been  propagated  in  a  clone  bank 
and  approximately  100  of  250  original  selections 
are  being  progeny  tested.   Based  on  performance 


Table  1. — Summary  of  responses  from  informal  survey  mailed  to  11  States 


Seedling 

Anticipated 

Current 

seed 

No. 

Clonal 

No. 

Progeny 

date  of 

seedling 

State 

orchardl 

families 

orchard-1- 

clones 

test 

orch.  prod. 

prod,  target 

Priority 

(Acres) 

(Acres) 

(Acres) 

Illinois 

30 

60+ 

1990 

500,000 

1 

Iowa 

10 

130 

10 

1995 

700,000 

1 

Indiana 

40 

35 

11 

1985 

300,000 

1 

Kansas 

37 

85 

2 

1987 

125,000 

1 

Kentucky 

10 

9 

2000 

300,000 

#1  hardwood 

Michigan 

18 

100,000 

high 

Minnesota 

7 

150 

7 

1990 

300,000 

2 

Missouri 

73 

144 

10 

73 

1985 

500,000 

1 

Ohio 

0 

0 

15 

250,000 

low 

Tennessee 

0 

high 

Wisconsin 

7 

150 

0 

7 

1988 

300,000 

//l  hardwood 
#5  overall 

■'■Actual  acres  presently  in  orchard  or  in  the  midst  of  establishment, 
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in  the  clone  bank  and  progeny  test,  35  of  these 
have  been  propagated  in  seed  orchards.   Second 
generation  orchards  are  being  planned  from 
selections  to  be  made  from  progeny  test  results. 

The  Missouri  Department  of  Conservation 
program  consists  of  73  acres  of  Statewide 
progeny  tests  to  be  converted  to  seedling  seed 
orchards  by  roguing  the  poorest  individual 
trees  and  families.   When  the  progeny  testing 
is  complete,  superior  genotypes  will  be  com- 
bined into  a  clonal  orchard. 

Both  Indiana  and  Missouri  plan  to  maintain 
original  selections  in  clone  banks. 

In  Kansas,  responsibility  for  walnut 
improvement  rests  with  the  Department  of 
Forestry,  Kansas  State  University.   Although 
their  seedling  requirements  are  modest,  the 
program  is  well  underway  with  two  established 
clonal  orchards.   The  Illinois  Department  of 
Conservation  and  Natural  Heritage  is  also  in 
the  midst  of  establishing  two  clonal  orchards. 
These  orchards  will  consist  of  selections  from 
existing  USDA  Forest  Service  and  Indiana  Depart- 
ment of  Natural  Resources  progeny  tests. 

The  Iowa  program  is  administered  by  the 
Iowa  Conservation  Commission.   The  program 
consists  of  two  5-acre  progeny  tests  of  130 
plus-trees  selected  throughout  the  State.   The 
progeny  tests  were  established  in  1976  and  are 
intended  to  serve  as  seedling  seed  orchards 
after  roguing.   These  areas  may  have  to  be 
expanded  by  grafting  to  meet  seedling  produc- 
tion needs. 

Both  Kentucky  and  Tennessee  walnut  improve- 
ment programs  are  in  the  early  stages  of  estab- 
lishment.  The  Kentucky  Division  of  Forestry 
has  established  17  acres  of  regional  and  State- 
wide provenance  tests  that  will  serve  as  an 
interim  seed  source  until  a  clonal  orchard  is 
established.   Selection  of  superior  phenotypes 
for  the  clonal  orchard  has  already  been 
initiated.   The  Tennessee  Division  of  Forestry 
expects  to  begin  walnut  seedling  production  in 
1982  and  within  5  to  10  years  anticipates  pro- 
duction in  excess  of  a  half  million  seedlings 
per  year.   An  orchard  is  being  planned  from 
expansion  of  a  clone  bank  containing  50  plus- 
tree  selections  as  well  as  incorporation  of 
66  selections  in  a  Tennessee  Valley  Authority 
clone  bank.   Progeny  testing  will  accompany 
seed  orchard  construction. 

The  walnut  improvement  programs  of  the 
Minnesota  and  Wisconsin  Departments  of  Natural 
Resources  are  similar.   Both  call  for  7-acre 
progeny  tests  to  be  converted  to  seedling  seed 
orchards.   Walnut  is  a  second  priority  species 
in  both  States. 


Both  Michigan  and  Ohio  are  involved  in 
cooperative  USDA  Forest  Service  provenance/ 
progeny  tests.   Michigan  has  no  plans  for  wal- 
nut seed  orchards,  while  Ohio  already  has  15 
acres  of  progeny  tests  in  various  parts  of  the 
State  to  be  converted  to  seed  orchards.   Some 
of  these  Ohio  tests  were  established  in  1969 
and  should  be  producing  seed  soon  if  they  are 
properly  managed.   Unfortunately,  the  State  has 
no  overall  tree  improvement  program  so  these 
progeny  tests  may  be  neglected. 

The  USDA  Forest  Service  has  identified 
black  walnut  as  a  first  priority  species  for 
tree  improvement  in  the  Central  States.   Walnut 
improvement  in  the  USDA  Forest  Service  is  pri- 
marily the  responsibility  of  the  North  Central 
Forest  Experiment  Station  and  the  National 
Forests  in  the  Central  States.   Progeny  tests 
have  been  established  on  the  Shawnee,  Wayne, 
Hoosier,  and  Monongahela  National  Forests  in 
the  1973-1976  period  with  the  objective  of  con- 
version to  seed  orchards  for  National  Forest 
walnut  regeneration.   Trees  being  progeny  tested 
are  of  average  or  better  quality  from  seed  zones 
delineated  for  each  National  Forest;  a  minimum 
of  50  trees  are  included  in  each  progeny  test. 
In  addition,  the  North  Central  Forest  Experiment 
Station  has  established  two  progeny  tests  for 
conversion  to  seed  orchards  for  the  State  of 
Illinois.   These  tests  include  87  families. 
These  progeny  tests  will  probably  be  producing 
improved  seed  by  1990. 


THE  OUTLOOK  FOR  THE  FUTURE 

In  1966  Funk  described  an  idealized  hypo- 
thetical black  walnut  seed  orchard.   According 
to  Funk's  (1966)  calculations,  an  orchard  with 
20-foot  square  spacing  should  be  able  to  pro- 
duce 30,000  seeds  per  acre  in  the  "on"  year  and 
assuming  an  80  percent  seedling  percent  this 
would  translate  to  24,000  seedlings  per  orchard 
acre  in  good  years.   This  means  that  a  10-acre 
orchard  should  average  approximately  250,000 
seedlings  at  least  every  other  year.   Using 
these  figures  as  a  crude,  conservative  guide- 
line, it  is  clear  that  most  States  that  list 
walnut  as  their  first  priority  species  already 
have  orchard  acreage  that  may  meet  their  seed- 
ling needs  upon  maturity  (assuming  a  20-foot 
square  spacing,  which  is  probably  too  close). 
The  one  exception  to  this  is  Iowa,  which  has 
the  highest  seedling  requirement  but  only  10 
acres  of  orchard.   Iowa's  orchard  acreage 
should  be  at  least  3  to  4  times  greater  if  all 
seedling  production  is  to  be  from  improved  seed. 

One  source  of  concern  is  the  fact  that 
apparently  many  selections  are  not  being  ade- 
quately progeny  tested.   Acreage  listed  in 
table  1  for  progeny  tests  seems  rather  low 
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considering  how  many  selections  have  been  made 
and  the  number  of  orchards  being  established. 
Without  good  progeny  tests,  it  will  be  diffi- 
cult to  demonstrate  potential  gains  by  using 
improved  growing  stock. 

Nevertheless,  improved  walnut  stock  will 
be  a  reality  in  the  near  future.   Once  it  is 
shown  that  improved  walnut  seedlings  are  pest 
resistant  and  have  better  form  as  well  as 
providing  higher  survival  and  growth,  demand 
for  seedlings  will  likely  increase  dramatically. 
Conservative  projections  indicate  possible 
growth  gains  of  from  15  to  30  percent  over 
current  nursery  stock  by  using  first  genera- 
tion selections.   An  added  improvement  of  that 
magnitude  should  be  possible  in  subsequent 
generations. 
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INDIANA  DIVISION  OF  FORESTRY  BLACK  WALNUT 

1 

TREE  IMPROVEMENT  PROGRAM 

Mark  V.  Coggeshall  and  Stephen  G,  Pennington 


Abstract  -*  The  State  of  Indiana  black  walnut  tree  improve- 
ment program  is  a  cooperative  effort  between  the  Department  of 
Forestry,  Purdue  University  and  the  Indiana  Department  of 
Natural  Resources,  Division  of  Forestry.   The  program  steps 
include  phenotypic  selection,  clone  bank  evaluation  of  selections, 
half-sib  progeny  testing,  and  clonal  seed  orchard  establishment. 


The  Indiana  Division  of  Forestry  initiated 
a  black  walnut  (Juglans  nigra  L.)  tree  improve- 
ment program  in  1971.  The  program  can  be  charac- 
terized as  a  half -sib  progeny  test,  clonal  seed 
orchard  approach.  A  clone  bank  is  included.  The 
goal  of  the  program  is  to  insure  that  black 
walnut  seedlings  distributed  by  the  two  state 
nurseries  will  provide  the  best  performance 
possible  when  outplanted  by  Indiana  landowners. 
Specifically,  there  are  four  program  objectives: 
1)  to  preserve  the  highest  quality  specimens  of 
black  walnut  trees  in  Indiana  by  grafting  their 
genotypes  into  the  clone  bank  and  state  seed 
orchards;  2)  to  counteract  the  effects  of 
dysgenic  selection  by  re-introducing  the 
offspring  of  these  superior  genotypes  into 
Indiana  woodlands  through  seedling  distribution 
from  the  state  nurseries;  3)  to  develop  tree 
varieties  that  exhibit  a  high  genetic  potential 
for  such  characteristics  as  growth  rate,  form, 
and  disease  resistance;  and  4)  to  provide  a 
continuous  supply  of  seed  from  this  improved 
stock  for  the  state  nurseries. 

The  following  steps  are  included  in  the 
Indiana  black  walnut  tree  improvement  program: 
selection  of  superior  phenotypes,  establishment 


Paper  presented  at  the  1981  Joint  Meeting 
of  the  Walnut  Council/Northern  Nut  Growers 
Association,  West  Lafayette,  Indiana,  August 
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^The  authors  are  respectively,  Tree 
Improvement  Specialist,  Valionia  State  Nursery, 
Vallonia,  IN  47281  and  Reforestation  Supervisor, 
Indiana  Division  of  Forestry,  Indianapolis,  IN 
46204. 


of  all  selections  in  the  clone  bank,  half -sib 
progeny  testing  of  the  selections,  and  cloning 
the  best  selections  into  state  seed  orchards. 
This  paper  summarizes  our  efforts  to  date  for 
each  of  these  activities. 


CURRENT  STATUS 


Annual  seed  requirements  for  the  two  state 
nurseries  is  approximately  750,000  walnuts. 
An  average  germination  rate  of  50  percent  and 
a  cull  rate  of  20  percent  yields  300,000  seed- 
lings annually.   Seed  is  presently  collected 
by  nursery  personnel  and  other  Division  of 
Forestry  properties  with  little  regard  for 
parent  tree  quality,  especially  in  poor  seed 
years. 

The  Indiana  black  walnut  tree  improvement 
program  will  supply  high  quality  seed  to  the 
state  nurseries  by  insuring  that  superior 
genotypes  are  the  seed  sources  for  the  nurseries 
in  the  future.   The  rationale  for  using  the 
half-sib,  clonal  seed  orchard  approach  with  a 
clone  bank  is  addressed  by  Masters  and  Beineke 
(1972).   Each  of  the  steps  in  the  black  walnut 
tree  improvement  program  are  addressed  below. 


SELECTION  OF  SUPERIOR  PHENOTYPES 


Approximately  250  superior  phenotypes  have 
been  selected  from  the  natural  black  walnut 
population  in  Indiana.  Most  of  these  trees  were 
graded  on  a  point  system  for  such  characteristics 
as  growth  rate,  apical  dominance,  straightness , 
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and  habitat  (W.F.  Beineke,  personal  communica- 
tion).  However,  environment  can  influence 
these  traits  and  some  superior  phenotypes  have 
been  found  to  be  genetically  inferior  when 
progeny  tested.   As  a  result,  comparison  tree 
selection  in  plantations  has  lately  received 
more  emphasis.   The  majority  of  the  newer 
selections  now  included  in  the  program  are  from 
plantations  or  open-grown  locations.   New 
selections  have  also  been  made  in  older  half-sib 
progeny  tests  established  by  Purdue  University 
and  the  Indiana  Division  of  Forestry.   To  date 
13  recurrent  selections  are  included  in  the 
program. 


PURDUE  CLONE  BANK 


Selections  that  have  been  accepted  into  the 
program  are  grafted  and  placed  in  the  clone  bank 
at  the  Purdue  University  Martell  Forest.   The 
purpose  of  this  clone  bank  is  fourfold:  1)  to 
gain  an  insight  into  a  selection's  performance 
in  future  seed  orchard  situations  (ie  growth 
rate,  flower  production);  2)  to  evaluate  the 
ease  by  which  a  selection  can  be  grafted;  3)  to 
provide  a  source  of  easily  obtained  scion  wood 
for  use  in  the  production  of  grafted  trees  for 
the  state  seed  orchards;  and  4)  to  preserve  the 
genotypes  of  the  best  quality  specimens  of  black 
in  Indiana.   The  clone  bank  is  maintained  by 
Purdue  University. 

Purdue  University  has  been  conducting  black 
walnut  genetics  research,  especially  in  the 
areas  of  selection,  flowering,  and  progeny 
testing,  since  1968.   The  results  of  this 
research  has  led  to  the  incorporation  of  tested 
clonal  material  into  state  seed  orchards.   The 
Indiana  Division  of  Forestry  is  fortunate  to 
have  this  cooperative  arrangement  with  Purdue 
University  whereby  intensive  research  efforts 
will  result  in  direct  benefits  to  the  Indiana 
landowner. 


HALF-SIB  PROGENY  TESTING 


progeny  test  plantations  representing  67 
selections  have  been  established  at  12  sites 
since  1969  by  Purdue  University  and  the  Indiana 
Division  of  Forestry. 


Figure  1. —  •=  Locations  of  half-sib  progeny 
test  plantations  in  Indiana  established  by 
Purdue  University  and  the  Indiana  Division  of 
Forestry.  X=  Locations  of  state  seed  orchards. 


The  purpose  of  a  half-sib  progeny  test 
(male  parent  unknown)  is  to  evaluate  the 
selections  based  on  the  performance  of  their 
seedling  offspring.   Progeny  testing  provides 
information  on  the  genetic  value  of  the  selec- 
tions.  In  addition,  recurrent  selections  can 
be  made  in  older  progeny  test  plantations. 

Seed  collected  from  the  selections  (both 
original  parent  trees  and  older  clone  bank 
individuals)   are  sown  at  the  Vallonia  Nursery 
and  outplanted  as  1-0  stock  at  various  locations 
throughout  Indiana  (fig.  1).   A  total  of  19 


Since  1979  progeny  tests  have  been  planted 
at  a  spacing  of  A  X  4  feet  (Coggeshall  and 
Beineke,  1979).   These  close-spaced,  short  term 
progeny  tests  were  established  to  evaluate 
juvenile  height  growth.   Kung  (1973)  used  stem 
analysis  from  30  year  old  black  walnut  trees  to 
produce  juvenile-mature  correlations.   He  found 
that  the  correlation  between  juvenile  height 
and  cubic  foot  volume  at  30  years  reached  a 
plateau  at  age  3.   In  addition,  McKeand  (1978) 
reported  that  family  rankings  for  height  growth 
in  previous  Indiana  progeny  tests  stabilized  by 
age  4.   The  tallest  families  at  age  4  were  also 
the  tallest  at  age  9.   Therefore,  short  term 
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progeny  testing  is  valid  for  black  walnut. 
Rapid  screening  of  families  is  essential  because 
black  walnut  produces  highly  variable  seed  crops 
and  new  selections  are  constantly  being  added 
to  the  program  making  annual  progeny  test 
establishment  necessary.   Good  black  walnut 
sites  at  both  state  nurseries  and  at  the  Purdue 
University  Martell  Forest  have  been  designated 
as  progeny  test  areas. 

There  are  several  advantages  to  short  term 
progeny  testing.   Less  site  variation  will  be 
encountered  by  planting  at  such  close  spacing 
and  weed  control  problems  common  to  standard 
progeny  testing  will  be  reduced.   Also  land- 
owner interest  will  be  intensified  when  planting 
fast  growing  planting  stock  is  made  available 
from  the  state  nurseries. 
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CLONAL  SEED  ORCHARDS 


A  seed  orchard  is  a  collection  of  selected 
trees  established  and  grown  together  under 
intensive  management  for  mass  production  of 
genetically  improved  seed.   Cloning  achieves 
the  result  of  bringing  intensively  selected, 
but  widely  scattered  trees  to  a  common  location 
in  their  original  genotypes.   Higher  genetic 
gains  can  be  realized  by  using  this  approach 
(Masters  and  Beineke,  1972).   Each  selection 
is  replicated  several  times  in  the  seed  orchard 
and  arranged  so  as  to  maximize  outcrossing. 
Selections  are  grafted  into  the  seed  orchards 
based  on  progeny  test  results  and  the  performance 
of  grafts  in  the  clone  bank-  form,  foliation 
dates,  and  fecundity.   Many  excellent  clones 
are  not  included  in  the  orchards  because  of 
poor  nut  production. 

Thirty-four  acres  of  clonal  seed  orchards 
have  been  established  in  3  locations  throughout 
the  state  (fig.  1).   Seed  orchard  establishment 
began  in  1970.   Approximately  30  to  40  clones 
have  been  selected  from  the  250  original 
selections  to  be  included  in  the  seed  orchards 
and  20  to  25  clones  are  being  propagated 
annually  at  Vallonia. 
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NEW  DIRECTIONS  IN  GENETIC  IMPROVEMENT: 

GRAFTED  BLACK  WALNUT  PLANTATIONS1 

Walter  F.  Beineke2 


Abstract. — Black  walnut  produces  fewer  seed  per  tree  than 
most  tree  species  which  leads  to  problems  of  providing 
sufficient  seed  from  traditional  seed  orchard  production  of 
genetically  superior  planting  stock.   Seedlings  seldom  capture 
the  full  complement  of  genetic  improvement  possible  from 
parent  trees  particularly  when  the  male  parent  is  unknown  or 
inferior. 

Vegetatively  propagated  plantations  provide  a  method  to 
take  advantage  of  the  complete  potential  improvement  of  an 
improved  selection.   Patenting  and  licensing  provide  protection 
for  researchers  who  have  invested  time  and  money  in  developing 
and  proving  superiority. 

Gains  in  height,  diameter,  and  form  are  discussed  as  well 
as  risks  from  monoculture  and  containerized  planting. 


INTRODUCTION 

Authors  of  past  Walnut  Symposium  articles 
on  tree  improvement  have  predicted  promising 
results  from  the  genetic  manipulation  of  black 
walnut  (Bey  1973,  Brunk  1973,  Funk  1966, 
Funk  1973,  and  Wright  1966) .   Geneticists  have 
cut  years  from  the  projected  time  needed  to 
produce  improved  stock,  but  we  are  still  10 
to  15  years  from  producing  significant  volumes 
of  improved  black  walnut  seed. 

Improving  trees  through  genetics  is  long- 
term  and  black  walnut  poses  some  particularly 
vexing  problems  (Beineke  1979).   Walnut, 
unlike  pines,  cottonwood,  sycamore,  sweet  gum, 
and  many  other  species,  is  not  a  prolific  seed 
producer.   While  a  pine  tree  can  produce  many 
thousands  of  seed  each  year,  most  walnut  trees 
produce,  at  best,  only  several  hundred  seed, 
and  pests  can  claim  a  large  share  of  those. 
From  the  remaining  seed,  nurserymen  routinely 
obtain  only  50  to  60  percent  germination. 


xPaper  presented  at  the  Walnut  Council- 
NNGA  Black  Walnut  Symposium,  Purdue  University, 
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2Associate  Professor  of  Forestry,  Dept. 
of  Forestry  and  Natural  Resources,  Purdue 
University,  West  Lafayette,  IN.  47907. 


The  number  of  nuts  produced  per  tree  can 
be  increased  by  selecting  good  nut  producers, 
wide  spacing,  fertilization,  and  weed  control, 
but  walnut  still  requires  many  years  to 
produce  quantities  of  seed  and  never  approaches 
the  prolific  seed  production  of  the  light- 
seeded  species.   Thus,  seed  orchard  programs 
for  black  walnut  must  provide  for  this  lack  of 
seed  production  with  increased  seed  orchard 
acreage  and  improved  management . 


SEEDLING  VS.  CLONAL  PROPAGATION 

Seedlings  are  the  product  of  pollination 
and  fertilization,  a  sexual  process,  and  are 
genetically  different,  just  as  brothers  and 
sisters  differ,  even  though  they  have  the  same 
parents.   Of  course,  siblings  usually  do  have 
some  resemblance  to  their  parents  and  to  each 
other,  but  they  are  variable.   That  portion 
of  variation  is  one  source  of  inherited 
improvement — the  additive  portion.   That 
is  the  only  portion  that  can  be  depended 
on  to  provide  improvement  when  sexual  repro- 
duction is  used. 

On  the  other  hand  when  grafting  or  other 
means  of  vegetative  reproduction  is  used,  all 
of  the  genetic  potential  (non-additive  plus 
the  additive  portion)  of  the  superior  tree 
can  be  passed  on  to  the  next  generation 
(Libby  1977).   That  is,  a  graft  is  an  exact 
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genetic  duplicate  (clone)  of  the  selected 
tree  containing  all  of  the  improvement 
possible  from  the  aboveground  portion  of  the 
parent.   For  some  traits  such  as  volume  growth, 
having  low  additive  inheritance,  Zobel  (1981), 
states  that,  "it  appears  possible  to  more  than 
double  short-term  genetic  gain  by  using 
vegetative  propagules  rather  than  seed  regen- 
eration." 

Once  a  superior  tree  is  identified  and 
tested  for  a  sufficient  time,  it  can  be 
multiplied  by  vegetative  propagation  at  a 
fairly  young  age  without  waiting  for  seed 
production  to  occur.   In  the  first  12  years 
it  is  estimated  that  nearly  10  times  more 
plants  can  be  reproduced  from  a  young  walnut 
by  grafting  than  from  seed  (table  1) . 


Table  1. — Estimates  of  average  numbers  of 
propagules  available  from  walnut  clones  at 
various  ages. 


Numbers  of 

Tree  age/ 

Numbers  of 

grafting  buds 

year 

seed  produced 

produced 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Total 
Average 


0 

0 

0 

3 

7 

10 

15 

30 

60 

110 

130 

150 

515 
43 


0 

5 

15 

50 

100 

200 

350 

500 

650 

800 

1000 

1300 

4970 
414 


Genetic  uniformity  in  tree  size,  form, 
nut  production  and  wood  properties  is  a 
positive  factor  in  favor  of  clonal  propaga- 
tion.  Economic  advantages  accrue  in  the 
marketing  and  harvesting  of  uniform  stands 
(Zobel  1981). 

At  the  present  time,  the  only  operational, 
practical  vegetative  propagation  technique 
for  black  walnut  is  by  grafting  (Beineke  and 
Todhunter,  1980).   However,  two  other  methods 
may  show  promise  in  the  future  -  rooted 
cuttings  and  tissue  culture. 

Rooting  of  cuttings  is  a  commonly  used 
method  to  propagate  many  plant  species. 
Major  advantages  of  rooted  cuttings  are  that 
the  plant  is  supported  by  its  own  genetically 
compatible  root  system  and  is  cheaper  than 
grafting.   With  few  exceptions,  (Carpenter 
1975,  Farmer  1971,  Shreve  and  Miles  1972), 
rooting  of  black  walnut  cuttings  has  proven 
to  be  extremely  difficult.   Cuttings  require 
a  length  of  stem,  usually  with  a  terminal 
meristem  intact,  thus  greatly  reducing  the 
number  of  propagules  obtained  from  a  tree 
compared  with  grafting.   In  black  walnut  the 
same  length  of  stem  used  for  one  cutting 
could  produce  three  or  four  grafts. 

Tissue  culture,  a  fairly  new  tool,  is 
emerging  as  a  revolutionary  vegetative  propa- 
gation technique  for  many  species  (Murashige 
1974,  Durzan  and  Campbell  1974).   Briefly, 
tissue  culture  in  black  walnut  would  probably 
involve  removal  of  a  vegetative  bud  from  a 
superior  tree  and  placement  on  a  sterile  grow- 
ing media  in  a  petri  dish.   Subsequent  bud 
growth  and  shoot  elongation  would  produce 
lateral  bud  formation  along  the  shoot.   Each 
of  these  lateral  buds  would  then  be  excised 
and  placed  on  media  to  grow  and  multiply 
proliferating  a  single  bud  into  hundreds  or 
thousands  of  plantlets.   Shoots  for  operational 
planting  would  have  to  be  placed  on  special 
rooting  media  to  induce  root  formation  and 
growth.   Plantlets  would  then  be  transferred 
to  containers  and  moved  to  the  greenhouse  and 
hence  to  the  field. 


Also,  nut  production  in  black  walnut  tends 
to  be  cyclic  with  most  trees  producing  large 
crops  only  once  in  2  to  4  years,  and  the  crop 
may  be  subject  to  frost  and  insect  damage 
every  year.   That  is  why  average  yearly  nut 
production  does  not  rise  sharply  after  the 
first  few  years  (table  1).   In  contrast,  new 
branches  having  graftable  buds  grow  every 
year.   Even  following  years  of  slow  growth, 
large  amounts  of  grafting  wood  are  available; 
especially  from  trees  pruned  vigorously  and 
annually. 


Each  step  in  this  process  has  an  incredi- 
ble array  of  problems  to  be  solved  and,  at 
present,  is  strictly  theoretical.   However,  it 
has  been  accomplished  for  roses,  apples, 
loblolly  pine,  and  a  few  other  woody  species 
(Hasegawa  1979,  Huth  1978,  Mott  and  Amerson 
1981).   The  advantages  of  this  technique  are, 
of  course,  the  unlimited  number  and  rapid 
propagation  of  an  improved  cultivar  from  a  few 
buds.   Once  techniques  became  operational, 
tissue  culture  would  probably  be  cheaper  than 
grafting  (McKeand  1981) . 
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PATENTING 

The  use  of  vegetative  propagation  provides 
an  opportunity  to  patent  improved  clones. 
Plant  patents  grant  protection  from  indiscrim- 
inant  propagation  of  improved  material.   The 
rationale  behind  patenting  is  that  the  devel- 
oper who  took  the  risks  and  funded  the  work 
should  have  the  opportunity  to  profit  without 
competition  from  those  who  did  not  have  the 
foresight  to  provide  funding  for  the  develop- 
ment of  the  new  material.   To  obtain  a  plant 
patent,  the  "unique"  attributes  of  the  plant 
must  be  proven.   Note  that  "genetic  improve- 
ment" is  not  necessarily  a  criteria  for 
patenting.   Proving  a  tree  unique  is  a  time- 
consuming,  difficult  and  expensive  process 
which  involves  comparisons  of  traits  with 
known  or  previously  patented  material  of  the 
same  species. 


while  the  clonal  test  is  at  Martell  Forest 
near  West  Lafayette,  in  central  Indiana. 
Therefore,  differing  soils  and  climatic 
factors  apply.   The  southern  Indiana  seedling 
test  is  on  a  marginal  walnut  soil  while  the 
Martell  soil  is  a  fair  to  good  walnut  soil. 
Both  sites  have  had  fair  to  good  weed  control, 
annual  pruning,  and  occasional  fertilizer 
applications  of  Urea  or  12-12-12. 


Table  2. — Growth  and  form  characteristics  of 
patented  Purdue  1  grafts  vs.  checks  compared 
with  Purdue  1  seedlings  vs.  checks. 


Height   DBH    Volume   Stem  . 
(ft.)   (in.)   (cu.ft.)   Form-17 


Patenting  black  walnut  for  timber  purposes 
had  never  been  previously  attempted  until  the 
patents  on  Purdue  1,  2,  and  3  were  issued. 
After  the  patent  is  granted,  the  patented  tree 
can  be  licensed  for  propagation  and  sale  to 
the  public.   Purdue  1,  2,  and  3  were  patented 
by  and  licensed  for  propagation  through  the 
Purdue  Research  Foundation.   This  arrangement 
allows  the  University  to  collect  royalties 
on  the  sale  of  each  tree,  thus  obtaining  some 
return  on  its  investment  in  research. 

The  grafted  clone  approach  differs 
greatly  from  the  seed  orchard  approach  out- 
lined in  previous  papers  at  this  symposium. 
The  use  of  buds  rather  than  seed  is  the  basis 
of  propagation  and  involves  several  additional 
items  -  i.e.,  budwood  collection,  storage, 
and  care.   Seedling  production  requires 
only  the  standard  nursery  installation. 
Grafted  black  walnut  requires  much  more  invest- 
ment in  production  facilities  such  as  green- 
house, propagation  areas,  potting  equipment, 
grafting  materials,  budwood  storage,  holding 
areas  for  completed  grafts,  and  skilled 
technicians  to  do  the  grafting  in  addition  to 
the  standard  nursery  to  produce  rootstocks 
for  grafting. 


GENETIC  GAINS 

How  much  gain  can  be  expected  using 
vegetative  propagation  rather  than  seedling 
reproduction?  Unfortunately,  large,  well- 
designed,  older  tests  are  not  available  to 
study  this  crucial  aspect.   However,  from  our 
older  tests  containing  seedlings  from  patented 
Purdue  1  vs.  a  nursery-run  check  and  grafted 
patented  Purdue  1  vs .  a  nursery  check,  some 
rough  estimates  can  be  made  (table  2) .   The 
seedling  test  is  located  in  southern  Indiana, 


9  years  old  - 

Purdue  1  grafts  26.6 

Seedling  checks  20.3 

Percent  gain  31 

11  years  old  - 
Purdue  1  seed- 
lings 23.9 
Seedling  checks  21.5 
Percent  gain  11 


4.9 

1.77 

1.3 

3.8 

.92 

3.3 

29 

92 

61 

4.4 

1.36 

2.7 

3.7 

.92 

3.3 

19 

48 

18 

-^  Rating  Scale:   1  =  excellent  form  to 
5  =  very  poor  form. 


Seedlings  vs.  the  check  do  not  show  the 
percent  gain  of  grafts  vs.  the  check  (table  2), 
This  is  an  expression  of  several  factors,  in- 
cluding the  graft's  ability  to  exploit  the 
full  complement  of  inherited  superiority  as 
was  discussed  earlier.   Another  factor  of 
great  importance  is  that  the  seed  collected 
from  the  superior  tree  in  the  natural  setting 
includes  an  unknown  male  pollinator  or 
several  unknown  pollinator  components.   They 
may  have  passed  on  superior  genes  or  inferior 
genes  for  growth,  etc.   Therefore,  the 
seedling  mix  contains  a  genetic  component  that 
is  unknown  and  in  all  liklihood  detrimental. 

Form  improvement  is  perhaps  most  indica- 
tive of  the  value  of  using  clones.   Stem 
form  was  obtained  by  subjectively  rating  the 
straightness  of  the  main  stem  on  a  scale  of  1 
to  5  with  1  representing  a  perfectly  straight 
stem,  2  -  slight  crook  or  deviation  of  the 
central  stem,  3  -  about  average  straightness, 
4  -  several  severe  crooks  or  a  single  fork, 
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and  5  -  a  very  crooked,  forked  and/or  leaning 
central  stem.   In  table  2,  form  improvement 
from  seedling  progeny  is  good,  but  improvement 
from  clonal  material  is  truly  outstanding.   It 
is  significant  to  note  that  the  check  trees  in 
both  plantings  had  identical  poorer  than 
average  stem  forms,  even  though  the  two  plant- 
ings are  located  150  miles  apart. 


RISKS 

The  alleged  problems  associated  with  the 
planting  of  the  same  genotypes  over  large 
acreages,  is  often  mentioned  as  a  reason  for 
not  using  clones  (Zobel  1981) .   Monoculture 
invokes  the  specter  of  catastrophic  losses  to 
some  unknown  disease,  insect  or  climatic 
happening.   Dutch  elm  disease  and  chestnut 
blight  are  often  used  as  examples.   If  a 
disease  of  this  magnitude  invades  walnut,  it 
will  destroy  them  all  whether  they  are  of 
seedling  or  clonal  origin.   Monoculture  was 
not  the  reason  Dutch  elm  disease  or  chestnut 
blight  spread  so  rapidly.   Walnut  is  a  native 
species  well-adapted  to  the  climate,  diseases, 
and  insects  of  the  eastern  U.S.   Care  must  be 
taken  to  select  only  those  clones  that  show 
some  resistance  or  are  not  overly  susceptible 
to  the  pests  that  affect  black  walnut.   Of 
course,  there  is  risk  involved  in  using  only 
a  few  clones  but  this  must  be  balanced  against 
potential  gains  in  time,  tree  form,  and  nut 
production. 

Black  walnut  growers  are  not  the  first 
long-term-tree  crop  orchardists  to  contemplate 
growing  a  few  varieties  over  rather  large 
acreage.   For  instance,  fruit  orchards  usually 
contain  a  very  limited  number  of  clones 
(cultivars)  that  are  usually  not  native  to  the 
area.   The  crop  is  long-term  and  there  are 
few  reports  of  catastrophic  tree  loss  due  to 
monoculture.   A  possible  exception  may  be 
climatic  losses  due  to  varieties  being  planted 
outside  of  their  hardiness  zones.   Fifty-year- 
old  grafted  pecan  orchards  are  a  closer 
comparison  with  black  walnut  and  I'm  sure  that 
many  NNGA  members  could  point  to  similar 
examples  of  a  few  nut  tree  varieties  planted 
in  rather  large  blocks.   In  fact  thousands  of 
grafted  Thomas  black  walnut  trees  have  been 
planted  in  large  blocks  during  the  past  50 
years  with  no  reports  of  catastrophic  disease 
or  insect  losses. 

Even  so,  single  clone  monocultures  are 
not  recommended  and  mixtures  of  several  clones 
and/or  seedlings  should  be  planted.   Such 
mixes  are  probably  more  diverse  genetically 
than  most  natural  walnut  stands  when  you 
consider  that  the  various  genetically  improved 


clones  and  seedlings  are  from  scattered 
geographic  areas,  while  natural  stands  develop 
from  local,  often  isolated,  and  related 
individuals  (Beineke  1972) . 

Unique,  often  unexpected  problems 
accompany  any  new  endeavor  and  plantations 
of  grafts  rather  than  seedlings  have  their 
share.   Most  plantings  of  grafts  have  been 
made  with  containerized  milk  carton  stock. 
The  graft  is  usually  only  a  few  months  old . 
The  cartons  are  bulky  and  difficult  to  trans- 
port and  plant.   Also,  root  systems  are 
reluctant  to  grow  from  the  optimum  rooting 
media  of  the  container  into  the  soil  of  the 
real  world.   Death  or  dieback  of  the  graft 
often  results  during  the  winter  months  after 
outplanting.   Unlike  seedling  dieback,  which 
seldom  results  in  any  significant  losses, 
graft  dieback  and  resprouting  of  the  root 
system  means  that  the  expensive  and  pampered 
graft  has  become  a  common  seedling.   This  also 
occurs  if  the  graft  is  damaged  by  animal 
predation,  weed  control  tools,  or  wind.   Winter 
dieback  can  be  reduced  by  holding  grafts  over 
winter,  and  outplanting  them  as  dormant  bare- 
root  grafts  the  following  spring.   This 
technique  allows  grafts  to  be  handled  and 
planted  in  the  same  manner  as  seedlings.   Weed 
control,  pruning,  fertilization  and  other 
cultural  treatments  are  the  same  for  grafted 
plantations  or  seedling  plantations. 


CONCLUSIONS 

Black  walnut  tree  improvement  has  shown 
that  rapid  increases  in  growth  and  form  can 
be  made  and  in  a  few  years  grafts  and  seed- 
lings from  improved  trees  will  be  available 
in  sufficient  quantities  to  begin  to  meet  the 
demand. 

Seed  orchards  for  genetically  improved 
seedling  production  will  still  provide  most 
of  the  black  walnut  seed  required  for  regen- 
eration purposes  far  into  the  future.   As 
outlined  in  previous  papers  at  this  symposium, 
demand  for  walnut  seedling  stock  is  staggering. 
Due  to  the  investment  required  and  the 
unpredictability  of  propagation  success, 
numbers  of  grafted  trees  will  always  be 
limited.   Therefore,  clonal  propagation  will 
probably  remain  a  rather  small  percentage  of 
total  production.   Grafted  stock  will  be 
available  for  those  growers  who  desire  the 
maximum  genetic  improvement  possible  now  and 
are  willing  to  pay  the  high  cost. 

Despite  cutbacks  in  research  dollars  and 
scientists  involved  in  the  genetic  improvement 
of  black  walnut,  prospects  for  future  improve- 
ment appear  optimistic.   We  have  just  begun 
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to  tap  the  tremendous  genetic  variation  in 
growth,  form,  and  nut-bearing  capabilities  in 
black  walnut.   New  selections  are  presently 
under  test  that  may  prove  to  be  far  superior 
to  anything  now  available.   Studies  have 
indicated  methods  that  may  allow  us  to  select 
for  superior  growth  rate  at  very  early  ages, 
perhaps  one  year,  making  it  possible  to  avoid 
some  of  the  long-term  testing  presently 
necessary.   Selection,  breeding  and  testing 
walnut  for  superiority  must  be  a  continuing 
process.   Grafted  plantations  will  prove  to 
be  a  tool  that  will  allow  the  landowner  to 
take  full  advantage  of  rapid  improvement. 
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SOME  GUIDELINES  FOR  SELECTING  BLACK  WALNUT  PLANTING  SITES 
Felix  Ponder,  Jr. 


Abstract. — Black  walnut  grows  best  on  fertile,  deep, 
well-drained  soils.   Sites  most  often  considered  for  growing 
walnut  are  abandoned  farms  that  have  never  supported  walnut. 
Therefore,  soil  information  taken  from  other  walnut  sites 
must  be  used  to  evaluate  the  suitability  of  new  areas  for 
walnut. 


Growing  a  crop  of  high-value  walnut 
(Juglans  nigra  L.)  trees  is  a  long-term  project 
that  requires  investments  of  land,  time,  and 
money.   One  of  the  black  walnut  grower's  most 
important  decisions  is  where  to  grow  this 
valuable  timber-  and  nut-producing  hardwood. 
Successful  walnut  plantations  are  rare,  mainly 
because  many  were  established  on  unsuitable 
soils.   But  from  successful  plantations  on 
suitable  soils  and  from  a  few  naturally  estab- 
lished stands,  we  have  learned  much  about  where 
to  plant  black  walnut.   Frankly,  a  lot  of  what 
we  know  came  from  failures,  also. 

Broadly  speaking,  soil  variables  such  as 
origin,  physical  condition,  available  water 
during  the  growing  season,  aeration,  and 
nutrient  availability  determine  how  productive 
a  site  will  be  for  black  walnut  or  for  any 
other  vegetation.   Losche  and  others  (1972) 
developed  a  guide  for  selecting  black  walnut 
sites  using  these  variables.   As  a  result  of 
their  work,  soils  in  Illinois  were  classified 
as  suited,  questionable,  and  unsuited  for 
black  walnut.   However,  the  guide  has  been 
only  partially  successful,  mainly  because  our 
knowledge  is  still  too  meager  to  measure 
accurately  what  determines  the  success  of  a 
walnut  plantation.   But  the  few  variables  we 
do  know  that  contribute  to  good  walnut  growth 
have  consistently  shown  to  be  reliable  in 
determining  plantation  success. 

Most  soil  site  studies  indicate  that  no 
single  factor  alone  makes  a  site  good,  but 
that  a  combination  of  factors  are  involved. 
On  the  other  hand,  one  single  factor  might  make 
a  site  unsatisfactory  for  black  walnut.   Auten 
(1945)  found  that  soil  drainage,  depth  to 
mottling,  and  texture  were  the  major  factors 
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determining  site  quality.   A  mottled  zone  is  a 
layer  that  has  spots  or  blotches  of  different 
colors  or  shades  of  colors;  it  is  usually 
associated  with  water  saturation.   Losche 
(1973)  concluded  that  an  easily  recognized  soil 
characteristic  "depth  to  gravel  layer"  can  be 
used  to  rate  the  suitability  of  some  flood- 
plain  soils  for  black  walnut.   More  recently, 
Geyer  and  others  (1980)  showed  that  site 
quality  for  black  walnut  was  closely  related 
to  soil  and  topographic  characteristics.   They 
found,  in  addition  to  those  factors  described 
by  Auten  and  Losche,  that  soil  origin,  surface 
soil  thickness,  aspect,  and  water  holding 
capacity  were  also  important.   These  factors 
will  be  discussed  here  in  detail. 


LANDFORM 

Site  position  and  slope  aspect  are  very 
important  in  site  selection.   Walnut  grows 
best  on  deep,  loose,  alluvial  soils,  free  of 
mottling.   Carmean  (1966)  reported  that  on 
Sharon  silt  loam,  a  25-year-old  plantation  had 
dominant  trees  84  feet  tall.   Such  exceptional 
growth  exceeds  all  previously  known  growth 
records  for  black  walnut. 

Such  bottomland  sites  are  usually  flat 
except  for  depressions  of  a  few  inches  or,  at 
most,  a  foot  or  two.   Little  depressions  often 
indicate  a  tight,  shallow  soil  that  restricts 
water  absorption.   But  this  condition  may  be 
corrected  by  deep  tillage  and/or  subsoiling. 

Slope  position  and  steepness  as  well  as 
total  soil  depth  often  relate  closely  to  sur- 
face soil  thickness  (Geyer  and  others  1980) . 
Smooth  and  gently  rolling  landscapes  generally 
present  no  critical  problem.   More  important  on 
these  sites  are  soil  characteristics  such  as 
texture  and  internal  drainage.   Shallow,  heavy- 
textured,  imperfectly  drained  upland  soils  are 
not  suitable  for  walnut. 


69 


The  better  planting  areas  cm  rolling  and 
mountainous  landscapes  are  usually  located  on 
the  lower  north-  and  east-facing  slopes, 
stream  terraces,  and  flood  plains.   These  areas 
usually  have  the  soil  moisture  and  soil  thick- 
ness required  for  satisfactory  walnut  growth. 
Steep,  south-facing  slopes  and  narrow  ridge 
tops  would  generally  be  poor  walnut  sites. 
Such  sites  are  often  dry  and  because  of  their 
susceptibility  to  erosion  are  generally  shallow. 
Depending  on  the  geographic  location,  water 
deficiencies  on  south  and  southwest  aspects 
may  be  intensified  by  high  daytime  temperatures 
and  strong  winds  throughout  the  growing  season. 
On  soils  having  good  soil  moisture  and  more 
nutrients,  organic  matter  tends  to  accumulate 
because  of  the  more  favorable  conditions.   But 
on  dry  and  excessively  drained  soils,  especi- 
ally on  hot  sites,  organic  matter  is  quickly 
oxidized. 


SOIL  DEPTH 

Black  walnut  tends  to  develop  a  large 
taproot  which  will  penetrate  4  feet  in  1  year 
and  more  than  9  feet  in  3  years  in  well-drained, 
medium-textured  soils.   Because  of  walnut's 
deep  rooting  habit,  Auten  (1945)  proposed  that 
the  surface  soil  in  planting  sites  should  be 
at  least  16  inches  thick  and  that  soils  having 
thinner  surface  soil  should  not  be  considered 
for  walnut  planting  sites.   However,  I  recommend 
that  the  minimum  soil  depth  in  a  prospective 
site  should  not  be  less  than  3  feet.   Shallower 
soils  will  not  hold  enough  water  to  support 
satisfactory  growth.   Also,  the  grower  must 
realize  that  even  the  3-foot  depth  could  limit 
growth  and  the  final  product  to  be  harvested. 
An  effective  soil  depth  of  5  feet  (without 
restrictive  layer)  would  better  ensure  good 
walnut  growth. 


DRAINAGE 

Walnut  usually  does  not  grow  satisfactorily 
on  poorly  drained  soils  but  it  can  tolerate 
occasional  flooding  of  short  duration.   The 
site  should  be  examined  for  evidence  of 
restricted  internal  drainage  which  may  affect 
surface  drainage.   Restrictive  internal  drain- 
age causes  poor  aeration,  leading  to  inhibited 
root  growth  and  reduced  tree  height  and  diameter 
growth.   Good  internal  drainage  provides  favor- 
able conditions  for  the  development  of  extensive 
root  systems  and  more  complete  use  of  moisture 
and  nutrients. 

To  estimate  internal  drainage,  the  grower 
must  consider  soil  factors  including  texture, 
compaction,  and  structure.   Color  seems  to  be 
a  good  correlator  of  internal  soil  drainage  and 
is  the  easiest  to  recognize.   The  color 
(mottling)  of  the  subsoil  is  usually  an  indica- 
tion of  how  much  air  (aeration)  occupies  the 
spaces  between  soil  particles  (table  1).   Poor 
drainage  due  to  heavy  subsoil  or  a  high  water 
table  is  likely  to  produce  a  blue  or  drab  color 
because  the  oxides  of  iron  remain  in  the  ferrous 
condition.   If  the  soil  has  good  internal  drain- 
age, the  iron  compounds  are  oxidized  to  red 
ferric  oxides  and  the  soil  becomes  red,  brown, 
or  yellowish-brown.   Soils  with  evidence  of 
mottling  within  2  feet  of  the  surface  should 
be  avoided. 


Table  1. — Estimation  of  internal  drainage  based 
on  soil  colorl 


Drainage 
class 


Color 
(mottling) 


Possible 
topography 


Very  slow       Drab  and  blue     Swampy,  high 
below  8"         water  table 


TEXTURE  Slow 

Soil  texture  influences  the  water  holding 
capacity,  available  water,  and  the  ease  at 
which  roots  are  able  to  penetrate.   Black  walnut    Fair 
generally  prefers  deep,  well-drained  silt  loam 
soils.   Suitable  topsoil  textures  also  include 
sandy  loam  and  loam.   The  subsoil  should  have 
the  same  texture  as  the  topsoil  or  a  sandy  clay 
loam  or  clay  loam.   Even  though  no  consistent 
relationship  has  been  found  between  pH  and 
growth,  soils  with  acid,  clayey  subsoils  should 
be  avoided.   Good  planting  sites  also  include 
limestone  soils  with  silt  loam  over  clayey  sub- 
soils and  deep  rocky  soils  unsuitable  for 
cultivation  because  of  their  rockiness.   Usually 
walnut  grows  poorly  on  coarse-textured  soils.       (1962), 


Dull  yellowish-   Low  areas 
brown 
below  14" 


Yellow 

14-24" 


Level  upland 


Moderate        Brownish-yellow   Rolling  upland 
below  35" 

Good-fast       Yellowish-brown   Terraces 

Good-very  fast  Red-brown         Moraines  or 
loose  sand 

■'■Auten  (1945)  and  USDA  Soil  Survey  Manual 
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Both  the  gravel  layer  and  mottling  zone 
indicate  soil  conditions  that  inhibit  deeper 
root  growth.   Therefore,  soils  with  coarse  sand 
or  gravel  layers  and  bedrock  within  3  feet  of 
the  surface  should  be  avoided. 


OTHER  FACTORS 

Black  walnut  growing  on  bottomland  sedi- 
ments benefits  from  the  greater  water  avail- 
ability.  Comparatively,  upland  soils,  though 
well  drained,  usually  lack  the  depth  and 
organic  matter  which  increase  the  amount  of 
water  a  soil  can  hold. 

Wind  affects  the  establishment  of  black 
walnut.   Seedlings  planted  in  level,  windswept, 
open  fields  are  less  vigorous,  have  smaller 
leaf  areas,  and  suffer  more  foliage  damage 
than  those  planted  in  similar  soils  in  either 
forest  openings  or  protected  fields  (Schneider 
and  others  1970) . 

Vegetation  on  the  site  may  indicate  the 
fertility  and/or  moisture  condition  of  the 
soil.   A  sparse  cover  of  weeds  and  grasses 
generally  indicates  low  fertility,  erosion, 
or  droughty  soil  conditions;  such  sites  should 
not  be  planted  to  walnut.   In  contrast,  a 
vigorous  ground  cover  suggests  the  site  may 
be  suitable  for  planting  walnut.   Composition 
of  the  cover  is  also  important.   For  example, 
sedges  indicate  a  wet  soil  that  probably  is 
unsuitable  for  adequate  walnut  growth. 

The  soils  of  some  old  fields  may  contain 
toxic  substances  produced  by  other  plants 
which  could  inhibit  the  nutrient  uptake  and 
growth  of  black  walnut  seedlings  (see  Rietveld 
paper  presented  at  this  symposium) .   Such  toxic 
substances  may  also  affect  beneficial  root- 
infecting  fungi  and  microorganisms. 


SITE  IMPROVEMENT 

Now  comes  the  ultimate  question:   How  can 
walnut  be  grown  successfully  on  a  parcel  of 
land  that  lacks  the  proper  drainage,  depth,  or 
other  characteristics  of  an  ideal  walnut  site? 
Several  practices  have  been  tried  in  an  effort 
to  increase  the  productivity  of  marginal  sites. 
Most  attempts  such  as  fertilizing  sites 
believed  depleted  of  nutrients  and  refilling 
deep  trenches  and  tile  drainage  in  poorly 
drained  soil  have  resulted  in  limited  success. 
An  alternative  to  fertilization  may  be  inter- 
planting  with  nitrogen-fixing  plants  such  as 
autumn-olive  or  European  alder.   These  plants 
can  biologically  fix  atmospheric  nitrogen  which 
can  later  be  released  and  used  by  other  plants. 
Several  studies  have  shown  that  planting 


autumn-olive  with  walnut  increased  site  index 
by  an  average  of  14  feet,  changing  what  was 
originally  considered  a  marginal  site  into  a 
medium  quality  site  for  walnut.   The  effect  of 
autumn-olive  on  growth  was  most  dramatic  on 
poor  sites.   However,  care  must  be  taken  to 
prevent  the  spread  of  autumn-olive  onto  unwanted 
areas.   Also  encouraging  are  the  early  results 
from  a  forage  legume  study  being  done  by 
researchers  at  Carbondale.   Hairy  vetch,  which 
required  2  years  for  establishment,  significantly 
increased  seedling  growth  more  than  Korean 
lespedeza,  crimson  clover,  and  Sericea  lespedeza 
did  after  2  years  of  growth.   Both  hairy  vetch 
and  Sericea  lespedeza  controlled  weeds  better 
than  the  other  legumes  did  (Van  Sambeek  and 
Rietveld  1981).   Thus,  planting  companion  trees 
and  forage  legumes  on  walnut  sites  may  provide 
an  alternative  to  chemical  weed  control  and 
fertilization. 

Cultural  practices  designed  to  increase 
available  soil  moisture  might  promote  walnut 
growth.   These  practices  include  irrigation, 
terracing,  mulching,  and  control  of  undesirable 
moisture  using  vegetation.   Practices  designed 
to  improve  subsoil  drainage  and  aeration  might 
include  surface  and  tile  drainage  and,  in 
addition,  deep  tillage  may  promote  better  root- 
ing in  the  subsoil. 


SUMMARY 

To  summarize,  these  are  the  major  soil 
conditions  to  avoid  in  locating  black  walnut 
planting  sites: 


Problem 


Indicators 


Poorly  drained     Compact  subsoil;  mottled 
8-14";  sedges 

Excessively  dry-   Bedrock,  coarse  sand,  and/ 
site  or  gravel  layer  <36" 

below  the  surface;  com- 
pact subsoil;  inadequate 
infiltration 

Clay  and  silty     Compact  subsoil;  inadequate 
clay  infiltration 

Growers  should  look  for  sites  having  the 
following  soil  properties: 


Soil  properties 


Indicators 


Deep,  well  drained        Bottomland;  >5'  deep 

red-brown  color 

Limestone-derived  soil 

Yellow,  brown,  or  reddish  Without  mottles  and 
brown  subsoils  >3'  deep 
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Knowing  the  relative  productivity  of  soils 
in  potential  planting  areas  and  existing  walnut 
stands  will  enable  the  walnut  grower  to  locate 
new  plantations  on  the  best  available  soils. 
Growers  are  urged  to  use  state  foresters,  soil 
survey  information,  and  research  data  in  their 
search  for  suitable  black  walnut  planting  sites, 
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THE  SIGNIFICANCE  OF  ALLELOPATHY  IN  BLACK  WALNUT  CULTURAL  SYSTEMS 

W.  J.  Rietveld1 


Abstract. — The  importance  of  allelopathy  in  black  walnut 
cultural  systems  was  evaluated.   Laboratory  tests  showed  that 
18  species  being  considered  for  mixed  plantings  with  walnut 
were  all  sensitive  to  juglone.   In  mixed,  even-aged  plantations 
containing  walnut,  there  is  a  buildup  period  of  approximately 
12-15  years  before  allelopathic  effects  become  noticeable,  if 
they  occur  at  all.   This  allows  ample  time  for  growing  short- 
term  co-crops,  nurse  crops,  and  cover  crops  with  walnut. 
Walnut's  phytotoxic  activity  may  even  be  beneficial  in  effect- 
ing its  own  release.   Long-term  mixed  walnut/pine  plantings 
are  not  recommended.   The  long-term  allelopathic  effects  in 
mixed  walnut/hardwood  plantings  are  uncertain,  and  may  be 
subtle.   Potential  allelopathic  effects  of  plantation  weeds  on 
growth  of  walnut  seedlings  and  saplings  are  considered,  along 
with  the  need  for  vegetation  management  in  plantations. 


Through  evolution,  plant  species  have 
developed  an  array  of  intricate  adaptations 
to  ensure  survival  and  perpetuation.   One  of 
these  schemes — called  allelopathy^ — involves 
the  production  of  chemical  substances  which, 
when  released  into  the  environment,  directly 
or  indirectly  harms  selected  neighboring 
plants.   Allelopathic  chemicals  may  control 
the  sequence  and  rate  of  plant  succession, 
cause  changes  in  species  composition,  and 
alter  plant  productivity.   Allelopathy  should 
not  be  confused  with  physical  competition, 
because  allelopathy  involves  a  chemical  com- 
pound being  added  to  the  environment,  whereas 
competition  involves  the  removal  or  reduction 
of  some  growth  factor  (light,  water,  nutrients, 
space)  required  simultaneously  or  sequentially 
by  some  other  plant  sharing  the  environment. 
The  term  "interference"  refers  to  the  overall 
deleterious  effects  of  one  plant  on  another, 
encompassing  both  competition  and  allelopathy 
(Muller  1969). 

Black  walnut  (Juglans  nigra  L.)  is  the 
most  notorious  of  allelopathic  trees.   However, 
that  notoriety  needs  qualification.   Most  of 


lPrincipal  Plant  Physiologist,  North 
Central  Forest  Experiment  Station,  Forestry 
Sciences  Laboratory,  Carbondale,  Illinois. 

^Recent  reviews  on  allelopathy  include 
those  by  Sondheimer  and  Simeone  (1970), 
National  Academy  of  Sciences  (1971),  Whittaker 
and  Feeney  (1971),  Rice  (1974,  1979),  Fisher 
(1976,  1979),  Horsley  (1976),  and  Rietveld 
(1979). 


the  reported  occurrences  of  walnut  allelopathy 
(with  the  important  exception  of  conifers) 
involves  toxicity  between  existing  large  wal- 
nut trees  and  vegetables,  field  crops,  fruits, 
and  ornamentals.   However,  a  subject  that  has 
not  yet  been  addressed  directly  in  the  litera- 
ture is:   What  are  the  implications  of  walnut 
allelopathy  in  forestry?  As  silviculturists , 
we  are  more  interested  in  knowing  the  signifi- 
cance of  allelopathy  in  forest  and  plantation 
situations.   This  paper  will  explore  the  docu- 
mented and  suspected  allelopathic  relationships 
that  may  occur  in  walnut  plantations,  assess 
their  importance  to  walnut  culture,  and  recom- 
mend silvicultural  treatments  to  avoid  or  over- 
come their  effects. 


HISTORY  OF  BLACK  WALNUT  ALLELOPATHY 

According  to  Gries  (1943),  the  first 
written  record  of  walnut  toxicity  can  be  traced 
back  to  the  first  century  A.D.,  when  Pliny  the 
Elder,  in  his  Naturalis  Historia  wrote:   "the 
shadow  of  walnut  trees  is  poison  to  all  plants 
within  its  compass,  and  it  kills  whatever  it 
touches." 

Up  to  the  present  time,  and  especially 
during  the  past  50  years,  walnut  has  been 
reported  to  be  toxic  to  a  wide  variety  of  organ- 
isms including  herbaceous  and  woody  plants 
(Brooks  1951),  fungi  (Hedin  ejt  al.  1979),  micro- 
organisms (Krajci  and  Lynch  1978),  insects 
(Gilbert  et  al.  1967),  fish  (Marking  1970),  and 
mammals  (Auyong  et  al.  1963) .   The  principal 
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chemical  responsible  for  walnut  allelopathy 
has  been  identified  as  juglone  (5-hydroxy-l ,4- 
naphthoquinone)  (Davis  1928),  which  is  found 
in  the  leaves,  fruit  hulls,  inner  bark,  and 
roots  of  walnut  (Lee  and  Campbell  196  9).   Rain 
washes  it  from  living  leaves  and  carries  it 
to  the  soil;  it  is  released  also,  along  with 
tannins,  from  dead  leaves  and  fruits  to  the 
soil.   Juglone  has  been  isolated  from  many 
plants  in  the  walnut  family,  including  black 
walnut,  butternut  (J^.  cinerea  L.),  Persian 
walnut  (J_.  regia  L.),  Siebold  walnut  (J_. 
ailantifolia  Carr.),  Manchurian  walnut  (J_. 
mandshurica  Maxim.),  shagbark  hickory  (Carya 
ovata  (Mill.)  K.  Koch),  mockernut  hickory  (C_. 
tomentosa  Nutt.),  Caucasian  walnut  (Pterocarya 
fraxinifolia  (Lam.)  Spach) ,  and  pecan  (C. 
illinoensis  (Wangenh.)  K.  Koch)  (Thomson  1971, 
Graves  et  al.  1979). 

Not  all  reports  have  supported  the  exist- 
ence of  walnut  toxicity,  for  in  many  cases 
species  thought  to  be  sensitive  were  observed 
co-existing  with  walnut.   A  controversy  develop- 
ed in  which  the  key  issue  was  whether  root 
contact  was  necessary  for  toxicity  to  occur. 
The  divergent  results  were  best  explained  by 
Gries  (1943)  as  follows: 

"Juglone,  as  such,  occurs  prob- 
ably only  in  minute  quantities  in 
the  inner  root  bark  and  in  the  green 
husks  of  the  nuts.   These  regions, 
are,  however,  rich  in  a  substance 
known  as  hydrojuglone.   This  com- 
pound, the  colorless,  non-toxic 
reduced  form  of  juglone,  is  immedi- 
ately oxidized  to  its  toxic  form 
upon  exposure  to  the  air  or  some 
oxidizing  substance  from  the  roots 
of  other  plants.   Upon  standing  in 
the  air,  juglone  again  disappears, 
being  either  changed  back  to  hydro- 
juglone or  broken  down  into  other 
non-toxic  substances....  It  now 
becomes  possible  for  us  to  under- 
stand some  of  the  discrepancies  in 
the  studies  on  walnut  toxicity.   If 
walnut  bark  or  other  plant  parts 
are  allowed  to  become  desiccated, 
no  toxicity  may  be  found.   If  the 
roots  of  plants  do  not  contact 
plant  parts  containing  juglone  or 
hydrojuglone,  their  oxidizing 
ability  cannot  produce  the  toxin." 

Thus,  the  occurrence  of  toxic  effects  in 
sensitive  species  growing  near  a  walnut  tree 
depends  on  whether  they  are  exposed  to  juglone 
as  such.   Juglone  is  a  highly  reactive  sub- 
stance and  readily  breaks  down  in  well-aerated 
soil.  Some  plants  may  avoid  exposure  to  juglone 
because  their  root  systems  are  too  shallow  to 


contact  the  roots  of  walnut,  while  others  may 
be  capable  of  withstanding  the  strong  oxidizing 
power  of  juglone. 


PLANT  ASSOCIATIONS  INVOLVING 
BLACK  WALNUT  AND  ALLELOPATHY 

Four  types  of  plant  associations  involving 
black  walnut  can  be  identified: 

1.  Natural  forest  stands  containing 
walnut  as  a  component. 

2.  Various  species  planted  within  the 
influence  zone  of  existing  large 
walnut  trees. 

3.  Sapling  plantations  containing  an 
even-aged  mixture  of  walnut  and 
one  or  more  other  woody  species. 

4.  Walnut  seedlings  planted  admidst 
herbaceous  vegetation. 

The  first  two  types  of  plant  associations 
are  listed  for  completeness,  but  they  are  not 
the  subject  of  this  paper  and  will  be  mentioned 
only  briefly. 

A  comprehensive  survey  of  the  association 
of  native  vegetation  with  black  walnut  trees 
was  published  by  Brooks  in  1951.   His  extensive 
tables  list  over  218  species  growing  within  and 
outside  the  root  and  crown  spreads  of  walnut 
trees.   While  some  species  (e.g.,  blackberry, 
blueberry,  heaths,  pines)  are  rarely  associated 
with  walnut,  others  (Kentucky  bluegrass,  black 
raspberry)  grow  better  within  the  root  zone  of 
walnut  than  outside.   The  potential  roles  of 
allelopathy  in  differentiation,  patterning,  and 
composition  of  natural  forest  stands  were  dis- 
cussed in  a  previous  paper  by  the  author 
(Rietveld  1979). 

The  majority  of  existing  literature  on 
occurrence  of  walnut  allelopathy  involves  the 
second  type  of  plant  association.   These  numerous 
reports  of  toxicity  between  existing  walnut 
trees  and  vegetables,  field  crops,  fruits,  and 
ornamentals  are  largely  responsible  for  walnut's 
reputation  as  an  allelopath.   The  literature  on 
these  associations  was  reviewed  by  Brooks  (1951) 
and  more  recently  by  MacDaniels  and  Pinnow 
(1976). 

The  latter  two  plant  associations  involving 
black  walnut  in  plantations  are  the  subject  of 
this  paper  and  are  discussed  at  length  in  the 
following  sections. 
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ALLELOPATHIC  POTENTIAL  OF  BLACK  WALNUT 
ON  PLANTATION  VEGETATION 

Recent  research  has  shown  that  mixed 
plantings  of  certain  nitrogen-fixing  species 
with  black  walnut  in  plantations  can  sub- 
stantially boost  growth,  and  possibly  quality 
(Funk  j2t  al.  1979a,  Van  Sambeek  and  Rietveld 
1981).   Other  species  are  being  considered  as 
possible  co-crops  with  walnut  to  diversify 
vegetation  and  increase  overall  product  yields. 
However,  we  know  nothing  about  the  sensitivity 
of  these  species  to  juglone. 

The  experiments  reported  here  were  con- 
ducted to  assess  the  allelopathic  potential  of 
black  walnut  juglone  to  several  herbaceous  and 
woody  species  which  are  being  considered  for 
co-crops,  nurse  crops,  and  cover  crops  in 
intensively  cultured  black  walnut  plantations. 


Effects  of  Juglone  of  the  Growth 
of  Coniferous  Seedlings 

In  an  earlier  experiment  reported  else- 
where (Funk  et  aL.  1979b) ,  seedling  growth  of 
four  conifer  species  was  tested  in  the  labor- 
atory for  sensitivity  to  juglone.   Seedlings 
of  Japanese  larch  (Larix  leptolepis  (Sieb.  and 
Zucc.)),  Norway  spruce  (Picea  abies  (L.) 
Karst.),  eastern  white  pine  (Pinus  strobus  L.), 
and  Scotch  pine  (P.  sylvestris  L.)  were  estab- 
lished in  a  hydroponic  system  installed  in  a 
growth  chamber.   The  seedlings  were  grown  for 
8  to  10  weeks  in  a  nutrient-plus-juglone  solu- 
tion at  juglone  concentrations  ranging  from 
10-2  Molar  (M)  to  10-10  M.3 

At  concentrations  at  10~2  M  and  10-3  M, 
juglone  was  lethal  to  all  species;  Scotch  pine 
and  Japanese  larch  seedlings  were  killed  at  a 
concentration  of  10-^  M.   Juglone  caused  no 
visible  injury  to  white  pine  at  concentrations 
of  10_6  M  and  less,  and  10-5  M  and  less  for 
the  other  species,  but  seedling  growth  was 
inhibited  by  solutions  as  dilute  as  10-?  M. 

All  of  the  conifers  tested  were  quite 
sensitive  to  juglone  and  death  resulted  when 
the  juglone  concentration  exceeded  10-^  M. 
Short-term  exposure  to  intermediate  concentra- 
tions resulted  in  measurable  reductions  in 
plant  dry  weight  without  the  appearance  of 
toxicity  symptoms.   However,  the  effects  of 
long-term  exposures  to  low  and  moderate  juglone 
concentrations  in  the  field  are  unknown. 


Equivalent  percentage  concentrations 
ranged  from  0.2  to  0.000000002  percent, 
respectively. 


Effects  of  Juglone  on  Seed  Germination  and 
Seedling  Growth  of  Several  Herbaceous 
and  Woody  Species 

The  following  recently-completed  experiment 
tested  the  effect  of  juglone  on  several  plant 
growth  processes  in  a  variety  of  species.   The 
experiment  consisted  of  two  parts:   (1)  seed 
germination  and  radicle  elongation  in  various 
juglone  concentrations,  and  (2)  shoot  elongation 
and  dry  weight  accumulation  in  hydroponic  cul- 
tures containing  the  same  juglone  concentrations. 


Materials  and  Methods 

The  following  species  were  tested: 

Herbaceous  legumes: 

Crimson  clover  (Trifolium  incarnatum  L.) 
Crown  vetch  (Coronilla  varia  L.) 
Hairy  vetch  (Vicia  villosa  Roth.) 
Korean  lespedeza  (Lespedeza  stipulacea 

Maxim. ) 
Sericea  lespedeza  (Lespedeza  cuneata 

(Dumont)  G.  Don) 

Shrubs : 

Ginnala  maple  (Acer  ginnala  Maxim.) 
Siberian  peashrub  (Caragana  arborescens 

Lam. ) 
Russian  olive  (Elaeagnus  angustif olia  L.) 
Autumn  olive  (Elaeagnus  umbellata  Thunb.) 
Amur  honeysuckle  (Lonicera  maackii  Maxim.) 

Trees : 

White  oak  (Quercus  alba  L.) 
White  ash  (Fraxinus  americana  L.) 
Yellow  poplar  (Liriodendron  tulipifera  L.) 
European  black  alder  (Alnus  glutinosa  (L.) 

Gaertn.) 
Eastern  white  pine  (Pinus  strobus  L.) 
Scotch  pine  (Pinus  sylvestris  L.) 

Certain  species  were  not  included  in  both 
tests  because  of  problems  in  obtaining,  strati- 
fying, or  germinating  seed.   Seed  was  collected 
and  stored  until  needed.   Germination  tests 
were  run  in  a  laboratory  germinator  using  stand- 
ard recommended  pregermination  treatments,  test 
conditions,  and  germination  criteria  (Associ- 
ation of  Official  Seed  Analysts  1970,  Inter- 
national Seed  Testing  Association  1976,  USDA 
Forest  Service  1974).   Four  trays  of  100  seeds 
each  were  germinated  in  each  of  four  juglone 
concentrations:   10-6  M,  10" 5  M,  10"*  M,  and 
10-3  M,  plus  a  control  (0  concentration) .  Iden- 
tical tests  were  run  on  two  media,  blotter 
paper  and  soil. 
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When  germination  was  occurring  at  a  rapid 
rate,  10  germinants  were  retained  on  each  tray 
for  measurement  of  radicle  elongation.   Radicle 
length  was  measured  initially  and  again  after 
10-15  millimeters  of  elongation  had  occurred 
in  the  controls,  usually  2-6  days. 

In  the  second  part  of  the  experiment, 
seedlings  were  grown  in  hydroponic  culture  to 
test  the  effects  of  juglone  on  shoot  elongation 
and  dry  weight  accumulation.   Seedlings  were 
grown  in  sand  to  the  first  true  leaf  stage, 
then  transferred  to  nutrient  solution  contain- 
ing the  same  juglone  concentrations  used  in  the 
germination  tests.   The  apparatus  was  the  same 
unit  described  in  the  conifer  growth  experiment. 
Solutions  were  changed  weekly.   Tests  ran  4-6 
weeks,  depending  on  rates  of  growth  and  symptom 
development.   Seedling  height  was  measured 
initially  and  repeatedly  during  the  tests.   At 
the  end  of  each  test,  seedlings  were  harvested 
and  plant  dry  weight  determined. 


Results 

Seed  germination. — Only  the  results  using 
forest  soil  as  the  germination  medium  are 
reported,  since  the  results  using  the  blotter 
medium  were  similar.   Percent  germination  was 
significantly  affected  by  juglone  in  only  three 
of  the  14  species  tested:   sericea  lespedeza 
was  inhibited  by  the  10"6  M  and  10~3  M  con- 
centrations, and  white  oak  and  amur  honeysuckle 
germination  were  stimulated  by  the  10~6  M  con- 
centration (fig.  1A) . 

Radicle  elongation. — Radicle  elongation 
was  more  sensitive  to  juglone  than  was  seed 
germination,  with  six  of  the  14  species  tested 
significantly  affected  (fig.  IB).   The  pattern 
of  response  varied  by  species,  but  the  10~3  M 
concentration  caused  the  most  consistent  and 
marked  reduction  in  elongation.   Radicle  elon- 
gation of  amur  honeysuckle  and  black  alder  was 
stimulated  by  the  10-6  M  and  10~5  M  concentra- 
tions, respectively. 


Shoot  elongation, 
by  10-3  M,  and  severely 
juglone.   Five  species 
lespedeza,  amur  honeysu 
black  alder)  were  signi 
the  10--5  M  concentratio 
seedlings  were  also  inh 
(Fig.  2A) .   Only  severe 
(10-3  M,  10-4  M)  showed 
(chlorosis)  of  juglone 
was  omitted  because  of 
basal  crown  rather  than 


-All  species  were  killed 

inhibited  by  10-4  M 
(crimson  clover,  sericea 
ckle,  white  ash,  and 
ficantly  inhibited  by 
n,  and  amur  honeysuckle 
ibited  by  10~6  M  juglone 
ly  inhibited  seedlings 
visible  symptoms 
toxicity.   Crown  vetch 
its  tendency  to  form  a 
elongate. 


Plant  dry  weight. — Juglone  effects  on 
plant  dry  weight  accumulation  were  greater  and 


more  distinct  than  on  shoot  elongation.   Dry 
weight  of  white  oak  seedlings  was  not  signifi- 
cantly affected  by  juglone.   In  the  remaining 
species,  however,  concentrations  of  10-^  M 
and  greater  significantly  inhibited  dry  weight 
accumulation  in  all  species  except  ginnala 
maple,  Russian  olive,  and  yellow-poplar  (fig. 
2B) .   Plant  dry  weight  accumulation  was  also 
significantly  inhibited  by  10~"  M  juglone  in 
sericea  lespedeza  and  autumn  olive.   In  three 
species  (Siberian  peashrub,  Russian  olive,  and 
yellow-poplar),  dry  weight  of  seedlings  grown 
in  10~6  M  and  10" ->  M  juglone  was  higher  than 
in  the  control,  but  not  significantly  so.   These 
responses  are  attributed  to  exceptional  growth 
of  a  few  individual  seedlings.   More  vigorous 
seedlings  are  apparently  more  resistant  to 
juglone. 


Discussion 

Every  species  tested  was  found  to  be 
sensitive  to  juglone.   All  species  were  killed 
by  10~3  m  juglone,  and  in  most  species  many 
seedlings  were  killed  by  10-^  M  juglone.   The 
species  varied  independently  in  the  growth  pro- 
cesses affected  and  in  their  degree  of  sensi- 
tivity.  Of  the  species  included  in  all  of  the 
tests,  the  five  most  sensitive  to  juglone  were 
sericea  lespedeza,  amur  honeysuckle,  hairy 
vetch,  ginnala  maple,  and  autumn  olive;  the 
least  sensitive  species  were  white  oak  and 
Russian  olive. 

Data  from  these  short-term  tests  are  use- 
ful for  comparing  species  sensitivity  to  juglone 
and  the  relative  sensitivity  of  different  growth 
processes.   However,  biological  assays  are 
insufficient  as  a  means  of  identifying  the 
occurrence  of  allelopathy  and  the  concentrations 
of  chemicals  responsible  for  allelopathy  in  the 
field  (Stowe  1979).   It  is  unlikely  that  10-3  M 
juglone  occurs  under  field  conditions  because 
it  is  difficult  to  prepare  in  the  laboratory, 
and  some  juglone  usually  precipitated  out  in 
hydroponic  culture.   More  likely,  the  allelo- 
pathic  effects  observed  in  the  field  are  the 
result  of  longer-term  exposures  to  low  and 
moderate  juglone  concentrations  under  soil  con- 
ditions which  favor  juglone  persistence  and 
increase  plant  susceptibility.   The  juglone 
toxicity  experiments  also  suggest  that  low 
juglone  concentrations  may  inhibit  (or  stimu- 
late) growth  for  a  period  of  time  before  any 
toxicity  symptoms  appear. 


Significance  of  Black  Walnut  Alleopathy 
in  Plantations 

Although  every  species  tested  was  found  to 
be  sensitive  to  juglone  under  short-term 
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Figure  1. — Effects  of  juglone  on:   (A)  seed  germination  and  (B)  radicle  elongation  of  germinated 
seed  of  several  herbaceous,  shrub,  and  tree  species.   Responses  to  the  four  juglone  concentra- 
tions are  given  as  a  percentage  of  the  control  (0  concentration).   Species  abbreviations:   CC 
crimson  clover,  CV  =  crown  vetch,  HV  =  hairy  vetch,  KL  =  Korean  lespedeza,  SL  =  sericea  lespedeza, 
GM  =  ginnala  maple,  SiP  =  Siberian  peashrub,  RO  =  Russian  olive,  A0  =  autumn  olive,  AH  =  amur 
honeysuckle,  WO  =  white  oak,  WA  =  white  ash,  YP  =  yellow-poplar,  BA  =  black  alder,  WP  =  eastern 
white  pine,  ScP  =  Scotch  pine.   Each  value  is  the  mean  of  four  trays  of  100  seeds  on  forest 
soil. 
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Figure  2. — (A)  Seedling  shoot  elongation  and  (B)  plant  dry  weight  of  several  herbaceous,  shrub, 
and  tree  species  grown  for  4-6  weeks  in  aerated  nutrient  solutions  containing  juglone.   Growth 
responses  to  the  four  juglone  concentrations  are  given  as  a  percentage  of  the  control  (0  con- 
centration).  Species  abbreviations  are  the  same  as  in  figure  1.   Each  bar  is  the  mean  of  12 
seedlings. 
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laboratory  conditions,  the  occurrence  of  allelo- 
pathy under  field  conditions  depends  on  several 
important  factors:   (1)  size  and  density  of  the 
walnut  trees;  (2)  the  sensitivity  of  associated 
species  to  juglone;  (3)  soil  conditions  which 
control  the  disposition  of  juglone,  and  (4) 
management  objectives — the  intended  purpose 
and  duration  of  co-planted  species. 

Information  on  several  mixed,  even-aged 
walnut  plantations  obtained  from  the  litera- 
ture and  gathered  through  personal  contacts  is 
summarized  in  table  1.   Although  specific 
information  on  the  compatibility  of  walnut  with 
other  species  and  the  factors  that  affect  it 
is  not  available,  some  general  observations 
from  the  table  and  speculations  will  be  dis- 
cussed in  the  following  sections. 


The  Buildup  Period 

There  is  a  distinct  difference  between 
allelopathy  resulting  from  planting  species 
near  existing  large  walnut  trees  and  allelo- 
pathy in  mixed,  even-aged  plantations  contain- 
ing walnut.   In  the  former  case,  toxicity  may 
occur  within  months  or  a  few  years,  while  in 
the  latter  case  there  is  a  buildup  period — 
the  time  required  for  walnut  trees  to  grow  to 
sufficient  size  and  density  to  have  a  signifi- 
cant chemical  effect  on  the  environment. 
Knowledge  of  the  relative  length  of  the  build- 
up period  and  of  factors  that  affect  it  are 
useful  for  silviculturalists  wanting  to  grow 
short-term  crops  of  other  species  with  walnut. 

A  buildup  period  of  approximately  12-25 
years  is  needed  for  planted  walnuts  to  reach 
a  sufficient  size  and  density  to  produce  and 
release  enough  juglone  to  result  in  noticeable 
allelopathic  effects  (table  1) .   It  is  unknown 
when  and  for  how  long  toxicity  occurred  before 
symptoms  appeared,  since  moderate  juglone  con- 
centrations may  inhibit  growth  without  visible 
injury.   On  the  other  hand,  allelopathy  may  not 
occur  at  all,  even  in  sensitive  species,  if 
they  are  growing  vigorously  on  well-drained 
sites. 


Species  Sensitivity 

There  is  no  doubt  that  species  vary  in 
their  sensitivity  to  black  walnut  juglone,  as 
evidenced  by  Brooks'  extensive  surveys  (Brooks 
1951),  the  juglone  toxicity  experiments  report- 
ed here,  and  table  1.   Of  the  plantations  sum- 
marized in  table  1,  walnut/pine  mixtures  were 
the  most  frequent  and  showed  the  most  con- 
sistent occurrence  of  allelopathy.   Pines  are 
commonly  planted  and  are  especially  sensitive 
to  juglone.   Although  data  are  scarce  for 


species  other  than  pines,  conifers  as  a  group 
appear  to  be  more  sensitive  to  juglone  than 
deciduous  species. 

European  black  alder  has  received  increas- 
ing interest  as  a  nurse  crop  species  with  black 
walnut  in  plantations.   It  is  interesting  to 
note  in  table  1  that  allelopathy  occurred  ir 
three  out  of  seven  mixed  walnut/black  alder 
plantations.   With  close  spacing,  the  alders 
started  dying  in  as  little  as  7-8  years.   In 
the  juglone  toxicity  experiments  reported  in 
this  paper,  black  alder  was  one  of  the  most 
sensitive  species  tested  (figs.  1  and  2).   How- 
ever, autumn  olive,  a  recommended  nurse  crop 
species  (Funk  e_t_  a_l.  1979a),  was  nearly  as 
sensitive  to  juglone  (figs.  1  and  2)  but  has 
not  yet  shown  any  noticeable  allelopathic 
effects  in  the  field  (table  1). 


Soil  Factors 

The  principal  factor  affecting  the  length 
of  the  buildup  period  appears  to  be  soil  con- 
ditions, specifically  soil  moisture  and  soil 
aeration.   Fisher  (1978)  found  a  strong  rela- 
tionship between  soil  moisture  and  the  allelo- 
pathic activity  of  walnut  trees.   As  soil 
moisture  increased  from  dry  to  wet,  the  amount 
of  extractable  juglone  and  allelopathic  activity 
increased.   High  soil  moisture  creates  anaerobic 
reducing  conditions  that  are  unfavorable  for 
the  chemical  and  biological  oxidation  of  juglone. 
Although  there  is  no  direct  evidence  of  microbial 
breakdown  of  juglone,  it  seems  most  probable 
that  it  occurs  (Fisher  1978) .   Soil  conditions 
also  influence  growth  rates  and  vigor,  which  in 
turn  determine  tree  size  and  juglone  production 
by  walnut,  and  are  related  to  susceptibility  of 
associated  species  to  juglone  toxicity. 

The  relation  between  soil  drainage  (and 
interrelated  soil  factors)  and  the  occurrence 
of  allelopathy  is  evident  in  table  1.   Eastern 
white  pine  planted  on  well-drained,  coarse- 
textured  soils  in  Wisconsin,  Ontario,  and  Michi- 
gan are  growing  well  with  walnut  after  15,  20, 
and  44  years,  while  the  same  species  growing  on 
moderately-drained,  finer-textured  soils  else- 
where were  killed  in  as  little  as  13  years. 
On  some  well-drained  sites  in  Ontario,  white 
pine  has  actually  shaded  out  the  walnut  over  a 
period  of  20  years  (personal  communication  with 
Dr.  Richard  F.  Fisher).   This  implies  that  wal- 
nut interference  to  the  growth  of  other  species 
is  due  both  to  competitive  and  allelopathic 
factors,  and  the  effectiveness  of  the  latter 
factor  is  controlled  by  soil  conditions. 
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Table  1.     Summary  of  available  data  on  compatibility  of  various  species  with  black  walnut 
even-aged  plantations.     The  age  and  size  of  walnut  trees  are  those  when  toxicity 
was  first  noted,  or  current  data  where  no  toxicity  has  occurred 


Black 

walnut  trees 

Soil 
:  drainage 
:  class!/ 

Condition 

State 

:  Associated  species  : 

Age 

:  Diameterl/ 

associated  species 

:           Source 

(years 

(inches) 

111 inois 

Red  pine 

24 

well 

Dead  and  dying 

Mr.  Howard  Fox  (retired) 

White  pine 

24 

well 

Dead  and  dying 

Sinnissippi  Forest 

Red  pine 

16 

wel  1 

Yel lowing 

Oregon,  IL 

Ontario 

White  pine 
White  pine 

35 
4 

Dead  and  dying 
Growing  well 

Fayle  (1976) 

Ontario 

White  pine  ♦ 
Red  pine 

30 

well 

Growing  well 

Fisher  (1978) 

White  pine  ♦ 

20 

moderate 

Poor  survival 

Red  pine 

and  growth 

White  pine  ♦ 

20 

poorly 

Dead 

Red  pine 

Ontario 

Red  pine  + 
N.  red  oak 

21 

moderate 

Dead  and  dying 
Growing  well 

von  Althen  (1968) 

Indiana 

White  pine 

23 

8.4 

moderate 

Yellowing  and 
declining 

Dr.  Clair  Merritt 

White  pine 

17 

2.5 

moderate 

Growing  well!/ 

Dept.  Forestry  and  Natural 

Yellow-poplar  ♦ 

19 

6.3 

moderate 

Growing  welll/ 

Resources 

Red  oak 

1.2 

Growing  wel 1 

Purdue  University 

Jack  pine 

16 

5.1 

moderate 

Growing  wel 1 

W.  Lafayette,  IN 

Indiana 

White  pine 

13 

4.2 

moderate 

Dead  and  dying 

Mr.  Robert  D.  Burke 

Whi  te  pine 

13 

3.6 

wel  1 

Yellowing 

Pierson-Hol lowell  Co. 

Black  alder 

12 

7.0 

moderate 

Dead  and  dying 

Martinsville,  IN 

Autumn  ol i ve 

14 

5.5 

moderate 

Growing  well 

Autumn  ol i ve 

14 

4.4 

moderate 

Growing  wel 1 

Autumn  ol ive 

14 

4.8 

moderate 

Growing  well 

Missouri 

Black  alder 

8 

2.9 

well 

Dead  and  dying 

Or.  Richard  C.  Schlesinger 

Autumn  ol ive 

11 

4.6 

Growing  well 

Dr.  Felix  Ponder,  Jr. 

Illinois 

Black  alder 

11 

1.8 

Growing  well 

North' Cent.  For.  Exp.  Stn. 

Autumn  olive 

11 

4.2 

Growing  well 

Carbondale,  IL 

Black  alder 

11 

3.0 

Growing  well 

Autumn  olive 

11 

4.9 

Growing  well 

Black  alder 

7 

2.7 

Dead  and  dying 

Autumn  ol ive 

11 

6.1 

Growing  well 

Black  alder 

15 

6.0 

Growing  wel  1 

Black  alder 

14 

3.1 

Growing  well 

Wisconsin 

White  pine 

15 

4.8 

well 

Growing  wel 1 

Mr.  Ken  Ellis,  Brooklyn,  WI 

Michigan 

White  pine 

44 

10.0 

well 

Growing  well 

Mr.  Walter  Lemmien 

White  pine 

35 

9.0 

well 

Pines  close  to 
BW  dead 

Michigan  State  University 
East  Lansing,  MI 

Red  pine 

44 

12.0 

well 

Growi  ng  wel 1 

Honey  locust 

40 

7.0 

well 

Growing  well 

White  oak 

39 

7.0 

wel  1 

Growing  wel 1 

Iowa 

Silver  maple 

16 

4.0 

moderate 

Dying  back  and 
dead 

Mr.  John  L.  Mc Sweeny 

Iowa  State  Conservation  Con-n . 

Red  pine 

8 

2.5 

moderate 

Yellowing  and 
declining 

McGregor,  IA 

Red  pine 

24 

5.0 

moderate 

Dead  and  dying 

White  pine 

13 

3.0 

moderate 

Growi  ng  wel 1 

Kansas 

Black  locust 
Bur  oak  ♦  Green 

31 

7.0 

well 

Growing  well!/ 

Mr.  Nelson  Rogers  (retired) 
North  Cent.  For.  Exp.  Stn. 

ash  ♦  E.  red  cedar  + 

32 

7.0 

well 

Growi  ng  wel 1 

Salem,  M0 

Sycamore 

Iowa 

White  ash 

12 

4.0 

moderate 

Growi ng  wel 1 

Mr.  Ed  Gardiner 

Iowa  State  Conservation  Comjn. 

Anamosa,  IA 

Kansas 

Ash  +  hackberry 

11 

-- 

Growing  well 

Mr.  Gary  G.  Naughton 

North 
Carolina 


Indiana 


Black  alder 


White  pine  + 
Japanese  larch  ♦ 
Red  ak  ♦  Red  gum 

Scotch  pine  + 
Blue  spruce 


6.5 


3.5 


well 


well 


Possibly  declining 

Growing  well 
Growing  well 


Kansas  State  University 
Manhattan,  KS 

Mr.  Dwight  L.  Brenneman 
North  Carolina  Forest  Service 
Morganton,  NC 


Mr.  Richard  Rambo 


Mr.  John  P.  Slusher 
University  of  Missouri 
Columbia,  M0 


1/  Diameter  at  breast  height,  4.5  feet  above  the  ground. 

y   Soil  drainage  class  gives  an  Indication  of  soil  texture  and  organic  matter  content,  and  1s  related  to  the  degree 
of  aeration  and  moisture  availability.  Classes  used  are  well-drained  (well),  moderately  drained  (moderate),  and  poorly 
drained  (poor). 

3/  Most  black  walnut  trees  shaded  out. 
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Management  Objectives 

The  importance  of  black  walnut  allelopathy 
is  greatly  influenced  by  the  silvicultural 
goals  and  the  duration  of  the  species  co- 
planted  with  black  walnut.   Allelopathy  does 
not  appear  to  be  a  problem  for  growing  short- 
term  crops  of  various  herbaceous  and  woody 
species  with  black  walnut  in  plantations.   Such 
short-term  crops  should  be  either  harvested  or 
expendable  after  15  years.   Even  sensitive 
species  can  be  considered  for  nurse  crops  or 
co-crops,  if  the  benefits  are  worth  the  invest- 
ment. 

Pines  can  be  given  serious  consideration 
as  a  short-term  nurse  crop  for  black  walnut  on 
well-drained  sites.   Pines  produce  dense  side 
shade  needed  to  encourage  height  growth  and 
good  form  in  the  walnuts,  provide  wind  pro- 
tection (especially  in  winter  months) ,  and 
help  shade  out  plantation  weeds.   If  their 
shape  and  color  are  good,  some  of  the  pines 
can  be  harvested  after  7-10  years  and  marketed 
as  Christmas  trees,  permitting  recovery  of 
plantation  establishment  costs  and  thus  increas- 
ing returns  on  the  investment  in  walnut. 

When  nurse  crops  are  grown  with  walnut , 
the  phytotoxic  activity  of  walnut  may  prove  to 
be  a  benefit  by  providing  release  from  over- 
crowding . 

The  potential  of  allelopathy  in  long-term 
mixed  plantings  with  walnut  is  more  uncertain. 
Long-term  mixed  walnut/pine  plantings  are  not 
recommended  because  it  is  too  uncertain  whether 
the  pines  will  survive  to  maturity.   The  com- 
patibility between  black  walnut  and  other  hard- 
wood species  is  unclear.   While  on  the  one  hand 
several  tree  species  (white  ash,  yellow-poplar, 
black  alder)  were  found  to  be  sensitive  to 
juglone  in  the  experiments  reported  here,  wal- 
nut is  commonly  found  associated  with  these 
and  many  other  important  forest  tree  species  of 
the  eastern  hardwood  region  (Brinkman  1957). 
If  allelopathy  is  involved,  then  it  is  reason- 
able to  suggest  that  the  influences  are  a  matter 
of  degree — i.e.,  relative  effects  on  the  abun- 
dance, vigor,  and  growth  of  other  species. 
This  may  help  explain  why  black  walnut,  a  rather 
poor  competitor,  is  able  to  exist  in  mature 
forest  stands.   Apparently,  the  species  and 
individuals  present  are  those  that  have  success- 
fully (at  least  for  the  present)  adapted  to 
accommodate  each  other.   The  unsuccessful 
species  and  individuals  have  disappeared  incon- 
spicuously over  a  period  of  time. 

The  situation  in  mixed,  even-aged  planta- 
tions may  be  different.   Walnut  is  usually 
planted  at  higher  density  and/or  favored  in 
thinnings  because  it  is  a  preferred  species. 


Many  changes  will  eventually  occur  in  these 
artificially  created  stands,  both  competitively 
and  allelopathically  induced,  that  will  result 
in  the  less  competitive,  intolerant,  and  juglone- 
sensitive  species  and  individuals  being  elimi- 
nated.  These  changes  are  likely  to  be  more 
abrupt  and  noticeable.   Although  juglone  sensi- 
tivity of  most  eastern  hardwood  species  appears 
to  be  less  than  that  of  conifers,  the  potential 
for  allelopathy  in  mixed  plantations  is  greater 
than  in  natural  stands. 


ALLELOPATHIC  EFFECTS  OF  PLANTATION  VEGETATION 
ON  BLACK  WALNUT 

Black  walnut  plantations  are  commonly 
established  on  ex-agricultural  land  and  old 
fields.   The  vegetation  consists  of:   (1)  black 
walnut  and  nurse  crop  (if  any)  seedlings,  and 

(2)  a  diversity  of  volunteer  herbaceous  vegeta- 
tion.  The  herbaceous  component  is  by  far  the 
most  abundant;  thus,  young  tree  plantations  are 
essentially  old  fields  for  several  years. 
Herbaceous  plant  succession  occurs  fairly 
rapidly,  following  a  general  pattern  of  broad- 
leaved  weeds  giving  way  to  annual  grasses,  then 
to  perennial  grasses  (Rice  1974) .   Recent 
research  has  shown  that  allelopathy  is  an 
important  factor  causing  plant  succession  in 
old  fields  (Rice  1974,  1979). 

Many  of  the  same  genera  shown  by  Rice's 
group  to  be  allelopathic  to  associated  vegeta- 
tion and  microorganisms  have  been  reported  by 
other  investigators  to  interfere  with  tree 
seedlings  (table  2) .   Because  of  a  lack  of 
research,  there  are  no  specific  reports  of 
herbaceous  vegetation  allelopathically  inhibit- 
ing the  growth  of  black  walnut  seedlings.   The 
implications  are:   (1)  there  is  an  increasing 
number  of  reports  of  certain  herbaceous  species 
releasing  substances  inhibitory  to  tree  seed- 
lings; (2)  many  of  these  herbaceous  species 
are  abundant  in  black  walnut  plantations; 

(3)  thus,  the  potential  for  interference  with 
black  walnut  seedling  growth  is  great. 

Weed  control  is  a  necessary  and  highly 
recommended  practice  for  establishing  black 
walnut  plantations  (Schlesinger  and  Funk  1977), 
for  without  it  seedlings  are  typically  suppressed 
for  many  years.   Recent  evidence  suggests  that 
more  is  accomplished  by  weed  control  than  con- 
trolling competition;  allelopathic  interactions 
may  also  be  controlled  without  knowing  they 
exist.   Weeds  around  individual  seedlings 
should  be  controlled  for  2-3  years  after  trans- 
planting to  allow  the  tree  seedlings  to  become 
established.   After  weed  control  is  curtailed, 
the  surrounding  herbaceous  vegetation  closes 
back  in,  and  the  trees  are  susceptible  to 
interference  from  herbaceous  vegetation  until 
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Table  2. — Summary  of  literature  on  allelopathic  effects  of  herbaceous  vegetation 

on  tree  seedlings 


Producing  species 


Receiving  species 


References 


Bracken  fern 
Wild  oak  grass 
Wrinkled  goldenrod 
Flat-topped  aster 
Hay-scented  fern 
New  York  fern 
Short  husk  grass 
Club  moss 

Broomsedge 


Aster 
Goldenrod 

Ragweed 

New  England  aster 

Daisy  fleabane 

Hawkweed 

Timothy 

Tall  buttercup 

Canada  goldenrod 

Grass-leaved  goldenrod 

Orange  hawkweed 


Mountain  muhly 
Arizona  fescue 

Tall  fescue 


Giant  foxtail 

Tall  fescue 

Tall  goldenrod 
Broomsedge 
Crownvetch 
Wild  carrot 
Tall  fescue 
Timothy 


Black  cherry 


Loblolly  pine 


Yellow-poplar 
Virginia  pine 

Sugar  maple 


Balsam  fir 
White  pine 

Ponderosa  pine 


Sweetgum 

Loblolly  pine 
Loblolly  pine 
Black  locust 


Horsley,  1977a,  1977b 


Priester  and  Pennington 
1978 

Haney  1969 


Fisher  et  al.  1978 


Dawes  and  Maravolo  1973 

Rietveld  1975 

Walters  and  Gilmore 
1976 

Gilmore  1980 

Wheeler  and  Young  1979 

Larson  and  Schwarz  1980 


they  attain  sufficient  size  to  be  unaffected. 
That  period  may  extend  for  10  years  or  more. 

Of  the  herbaceous  species  listed  in  table 
2,  those  considered  to  have  the  greatest  allelo- 
pathic potential  to  inhibit  growth  of  black 
walnut  seedlings  are  asters,  goldenrods,  fescue, 
and  broomsedge.   There  is  a  growing  body  of 
evidence  on  the  allelopathic  activity  and  com- 
petitiveness of  tall  fescue  (Festuca  arundinacea 


Schreb.).   Besides  the  reports  summarized  in 
table  2,  fescue  has  also  been  reported  to  be 
toxic  to  the  legumes  birdsfoot  trefoil  (Lotus 
corniculatus  L.)  (Peters  1968)  and  Ladino 
clover  (Trifolium  repens  L.  cv.  Tillman). 
Fescue  is  common  in  established  walnut  planta- 
tions.  When  heavy  fescue  sod  in  part  of  a  9- 
year-old  pure  walnut  plantation  was  rotovated 
in  June  1980,  a  noticeable  growth  response 
occurred  the  same  season.   With  exceptionally 
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good  rainfall  early  the  following  summer,  the 
released  walnuts  greatly  expanded  their  foliage 
and  were  dark  green,  compared  with  unreleased 
trees  which  grew  only  modestly  and  were  light 
green  in  color  (personal  communication  with 
Dr.  Richard  C.  Schlesinger ) . 

Besides  possible  allelopathic  effects, 
fescue  is  especially  competitive  to  black 
walnut  seedlings  and  saplings.   Todhunter  and 
Beineke  (1979)  reported  that  tall  fescue  is 
acutely  competitive  with  walnut  seedlings  for 
soil  water,  phosphorus,  and  potassium.   They 
suggested  that  fescue's  competitiveness  is  due 
to  its  dense  and  deep  rooting  habit  and  heavy 
infection  of  vesicular -arbuscular  mycorrhizae. 
Holt  and  Voeller  (1975)  found  that  removing 
fescue  cover  increased  diameter  growth  and  nut 
yield  of  10-  to  12-year  old  walnut  trees.   This 
evidence  justifies  the  recommendation  that 
fescue  not  be  used  as  a  cover  crop  in  black 
walnut  plantations. 

Allelopathic  chemicals  from  herbaceous 
vegetation  may  also  inhibit  certain  micro- 
organisms essential  to  the  growth  of  tree 
seedlings.   Persidsky  et  al.  (1965)  found  that 
water  extracts  of  prairie  soils  significantly 
inhibited  oxygen  uptake  by  mycorrhizal  short 
roots  of  Monterey  pine  (Pinus  radiata  D.  Don.) 
and  red  pine  (_P.  resinosa  Ait.),  compared  with 
extracts  of  forest  soils.   Theodorou  and  Bowen 
(1971)  found  that  decomposition  products  of 
grass  roots  reduced  the  number  of  infections 
of  an  ectotrophic  mycorrhizal  fungus  on 
Monterey  pine.   Rice  (1972)  found  that  broom- 
sedge  inhibits  Azotobacter  and  Rhizobium,  two 
important  nitrogen-fixing  bacteria.   Since 
broomsedge  is  known  to  compete  vigorously  and 
grow  well  on  soils  of  low  fertility,  he  sug- 
gested that  inhibition  of  nitrogen-fixing  and 
nitrifying  bacteria  would  keep  the  nitrogen 
supply  low  and  give  broomsedge  a  selective 
advantage  over  species  that  have  higher  nitro- 
gen requirements. 

Soil  conditioning  is  needed  on  sites  that 
have  been  dominated  by  herbaceous  vegetation 
for  a  number  of  years.   In  the  forest-prairie 
ecotone  of  north-central  Oklahoma,  Petranka 
and  McPherson  (197  9)  found  that  bottomland 
forest  trees  were  unable  to  invade  climax  tall- 
grass  prairie  without  the  prior  invasion  of 
sumac  (Rhus  copallina  L.)  and  other  shrubs. 
Upland  forest  trees  were  able  to  invade  climax 
prairie,  but  the  invasion  was  enhanced  by  the 
prior  invasion  of  shrubs.   Carmean  et  al. 
(1976)  found  that  growth  of  planted  hardwood 
seedlings  was  strikingly  better  on  areas  that 
had  recently  supported  some  kind  of  tree  cover, 
versus  areas  dominated  by  herbaceous  cover. 
They  attributed  the  differences  to  several 
physical,  biological,  and  chemical  soil  factors, 
including  allelopathy. 


An  alternative  method  to  achieve  both 
weed  control  and  soil  conditioning  is  to  estab- 
lish companion  crops  in  plantations,  i.e.,  woody 
nurse  crops  and  herbaceous  cover  crops  that  are 
compatible  and  soil-building.   Ideally,  the 
species  selected  (e.g.,  pines,  successional 
woody  species,  exotics,  and  leguminous  cover 
crops)  should  tolerate  allelopathic  chemicals 
in  the  soil.   They  should  quickly  develop  into 
dense  stands  which  exclude  weeds  (possibly 
allelopathically) ,  enrich  the  soil  through 
nitrogen  fixation  and/or  addition  of  organic 
matter,  create  a  favorable  microclimate,  and 
minimally  compete  with  the  planted  trees. 

Our  initial  research  on  establishing 
herbaceous,  nitrogen-fixing  cover  crops  in 
black  walnut  plantations  has  been  successful 
(Van  Sambeek  and  Rietveld  1981).   Hairy  vetch 
has  been  especially  promising  because  it 
effectively  suppressed  weeds  and  stimulated 
walnut  seedling  growth.   However,  it  overtopped 
and  deformed  some  of  the  shorter  walnut  seed- 
lings.  Korean  lespedeza  was  not  effective  in 
suppressing  the  tall  summer  weeds.   Crimson 
clover  with  Korean  lespedeza  suppressed  the 
tall  summer  weeds,  but  not  the  warm  season 
grasses,  especially  giant  foxtail  (Setaria 
faberii  Lamb.).   Sericea  lespedeza  and  crown- 
vetch  were  slow  to  establish,  but  suppressed 
weeds  beginning  the  second  year.   Their  effects 
on  seedling  growth  remain  to  be  determined. 

Another  potentially  important  role  of  cer- 
tain companion  crops  is  their  ability  to  colonize 
soil  microorganisms  essential  for  tree  growth. 
Kormanik  e_t  a_l.  (1980)  found  that  seeding  corn, 
millet,  sudex,  and  sorghum  as  nursery  cover 
crops  increased  inoculum  density  of  vesicular- 
arbuscular  fungi  (Glomus  spp.)  in  nursery  soils. 
These  are  the  same  fungi  that  form  entotrophic 
mycorrhizal  associations  with  black  walnut 
roots,  which  are  considered  to  be  important  for 
tree  growth.   Companion  crops  that  colonize 
essential  microorganisms  in  the  soil  need  to 
be  tested  in  plantations  to  determine  the 
potential  benefits  to  transplanted  black  walnut 
seedlings. 


Vegetation  Management 

The  planting  of  nurse  crops  and  cover 
crops  in  plantations,  orchards,  etc.  is  not  a 
new  concept  in  agriculture  and  forestry.   The 
obvious  benefits  of  weed  suppression  and 
nitrogen-fixation  have  long  been  known.   But 
companion  crops  have  not  been  utilized  for 
years  because  inexpensive  and  more  conventional 
chemical  fertilizers  and  pesticides  were  avail- 
able to  do  the  job. 

Recent  escalation  of  costs  of  materials 
and  labor,  and  environmental  concerns,  have 
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necessitated  a  renewed  interest  in  companion 
planting.   However,  besides  renewed  interest 
there  is  increased  awareness.   It  is  becoming 
increasingly  clear  that  plantation  weeds  do 
more  than  compete  with  tree  seedlings.   Our 
increasing  knowledge  of  plant/plant  and  plant/ 
microorganism  allelopathy  has  made  us  aware 
that  besides  direct  inhibition  of  plant  growth 
there  may  be  indirect  effects  on  growth  through 
inhibition  of  beneficial  and  essential  soil 
microorganisms.   The  term  "interference" 
appropriately  describes  the  situation,  because 
it  encompasses  the  overall  deleterious  effects 
of  both  competition  and  allelopathy  in  inter- 
plant  relationships  (Muller  1969). 

While  weed  control  with  chemical  herbi- 
cides may  eliminate  interference,  companion 
plantings  of  appropriate  species  have  the 
additional  potential  to  condition  and  enrich 
the  soil  physically,  chemically,  and  bio- 
logically to  make  it  more  favorable  for  tree 
growth.   The  modern  version  of  companion  plant- 
ing in  black  walnut  cultural  systems  is  vege- 
tation management.   The  concept  of  vegetation 
management  in  plantation  establishment  recog- 
nizes that  there  will  be  vegetation  present 
that  competes  with  the  trees.   However,  rather 
than  dealing  with  volunteer  successional  vege- 
tation (by  repeated  herbicide  spraying  and 
mowing) ,  selected  compatible  herbaceous  and 
woody  species  are  co-established  with  the  tree 
seedlings.   The  companion  species  should  be 
non-allelopathic  (to  walnut),  minimally  com- 
petitive, and  should  suppress  weeds  and  enrich 
the  soil.   The  overall  potential  benefits  are 
soil  conditioning  and  enrichment,  elimination 
of  allelopaths,  reduction  of  competition, 
reduction  of  disease  and  insect  damage,  growth 
stimulation,  and  improvement  of  tree  quality. 
Our  continuing  research  will  determine  the 
extent  of  benefits  and  cost  effectiveness  of 
plantation  vegetation  management  and  will 
provide  this  information  to  landowners  and 
managers. 


SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 

The  principal  points  made  in  the  paper 
are  summarized  as  follows: 

1.  There  is  a  great  deal  of  literature 
on  the  toxic  effects  of  black  walnut  that 
creates  the  false  impression  that  few  species 
can  be  planted  with  walnut.   Most  of  these 
reports  involve  toxicity  to  vegetables,  field 
crops,  fruits,  and  ornamentals,  which  are  of 
lesser  interest  to  foresters.   This  paper 
evaluates  the  importance  of  walnut  allelopathy 
in  forestry. 

2.  Four  types  of  plant  associations 
involving  black  walnut  and  allelopathy  were 


identified:   (a)  natural  forest  stands  contain- 
ing walnut  as  a  component,  (b)  various  species 
planted  within  the  influence  zone  of  existing 
large  walnut  trees,  (c)  mixed,  even-aged  sap- 
ling plantations  containing  walnut,  and  (d) 
transplanted  walnut  seedlings  establishing 
admidst  herbaceous  vegetation.   The  latter  two 
plant  associations  are  the  subject  of  this 
paper. 

3.  Laboratory  tests  of  juglone  sensitivity 
of  18  species  being  considered  for  mixed  plant- 
ings with  walnut  showed  that  all  were  sensitive 
to  juglone.   Seed  germination  and  radicle  elon- 
gation were  inhibited  mainly  by  high  juglone 
concentrations,  which  were  unlikely  to  occur 

in  nature.   However,  shoot  elongation  and  dry 
weight  accumulation  were  sensitive  to  juglone 
concentrations  as  low  as  10-'  M.   Symptom 
development  and  death  occurred  only  at  very 
high  concentrations  (10_<+  M  and  10~3  M) .   Con- 
ditions which  result  in  allelopathic  effects 
in  the  field  are  unknown,  but  are  likely  to  be 
a  combination  of  longer-term  exposures  to 
moderate  juglone  concentrations  combined  with 
soil  conditions  that  favor  juglone  persistence 
and  increased  plant  susceptibility. 

4.  When  walnut  and  other  species  are 
established  together  in  plantations,  there  is 
a  buildup  period  of  approximately  12-25  years 
before  allelopathic  effects  become  evident,  if 
they  occur  at  all.   The  length  of  the  buildup 
period  depends  on  the  age  and  density  of  walnut 
trees,  juglone  sensitivity  and  vigor  of  associ- 
ated species,  and  soil  conditions.   Allelopathy 
is  more  likely  to  occur  on  imperfectly  drained 
soils  where  chemical  and  microbial  oxidation 

of  juglone  is  restricted. 

5.  The  importance  of  walnut  allelopathy 
depends  on  silvicultural  objectives:   where 
the  intention  is  to  grow  crops  with  walnut 
beyond  12-25  years,  the  tree  grower  should  be 
cognizant  of  possible  allelopathic  effects; 
but  where  walnut  is  grown  as  the  only  eventual 
crop,  there  is  little  reason  to  be  concerned 
about  allelopathy.   Moreover,  walnut's  selec- 
tive toxic  effects  may  be  beneficial  for  bring- 
ing about  its  own  release.   Allelopathy  does 
not  appear  to  be  a  factor  discouraging  the 
planting  of  nurse  crops,  even  pines,  during 
the  early  part  of  the  rotation. 

6.  There  is  a  growing  body  of  evidence 
which  suggests  that  interference  from  planta- 
tion weeds  may  inhibit  growth  of  tree  seedlings 
during  the  establishment  phase.   It  is  quite 
possible  that  walnut  will  joint  the  list  of 
species  affected.   It  is  already  known  that 
plantation  grasses,  especially  fescue,  are 
severely  competitive  to  walnut.   Fescue  is  not 
recommended  as  a  cover  crop  in  walnut  planta- 
tions. 
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7.  Besides  eliminating  competition,  con- 
trolling weeds  may  also  avoid  allelopathic 
influences  for  the  first  2-3  years  after  plant- 
ing.  After  weed  control  is  curtailed,  herb- 
aceous vegetation  re-establishes,  and  the 
extent  of  allelopathic  activity  is  unknown. 
Recent  research  on  woody  nurse  crops  and 
herbaceous  cover  crops  in  plantations  has 
shown  that  these  associations  smother  weeds 
and  stimulate  tree  growth. 

8.  The  concept  of  vegetation  management 
involves  co-establishing  compatible  and  bene- 
ficial companion  species  with  tree  seedlings 
in  plantations.   The  potential  benefits  are 
soil  conditioning  and  enrichment,  elimination 
of  allelopaths,  reduction  of  competition, 
reduction  of  insect  and  disease  damage,  growth 
stimulation,  and  improvement  of  tree  quality. 
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PRUNING  FOR  QUALITY 
Richard  C.  Schlesinger 


Abstract. — Artificial  pruning  can  improve  tree  quality 
but  can  reduce  growth  and  quality  if  incorrectly  done. 
Pruning  causes  wounds  and  pruning  of  live  branches  may  reduce 
growth.   Corrective  pruning  is  not  generally  useful  for  the 
development  of  high-quality  plantations.   But  lateral  pruning 
is  needed  and  should  be  done  in  stages  beginning  when  the 
trees  are  small.   By  understanding  tree  responses  to  pruning, 
we  can  improve  tree  quality  and  plantation  value  through 
proper  pruning  practices. 


Black  walnut  ( Juglans  nigra  L.)  veneer  logs 
generally  command  prices  8  to  9  times  higher 
than  saw  logs.   But  without  some  artificial 
pruning,  few  black  walnut  trees  develop  the 
straight,  clear  boles  needed  for  veneer  unless 
we  are  willing  to  extend  the  growing  period 
beyond  80  to  100  years.   Although  artificial 
pruning  can  improve  tree  quality,  it  can  also 
reduce  growth  and  quality  if  carelessly  or 
incorrectly  done.   By  understanding  tree 
response  to  pruning,  the  grower  can  determine 
how  best  to  prune  an  individual  tree. 


TREE  GROWTH  AND  RESPONSE 

The  tree  has  been  likened  to  a  tower  sup- 
porting an  array  of  solar  collectors  (Wilson 
and  Archer  1979).   But  it  is  much  more  supple 
than  a  tower,  especially  when  small.   Many 
young  walnut  trees  develop  straight,  single 
stems,  but  others  may  become  crooked  or 
multiple-stemmed  as  the  result  of  insect, 
animal,  or  weather  damage.   Yet,  there  is  a 
tendency  for  such  trees  to  straighten  and  for 
one  leader  of  a  multileader  tree  to  gain 
dominance  (Schlesinger  and  Bey  1978).   Thus, 
many  trees  will  overcome  apparent  form  defects 
by  themselves  if  left  alone. 

Removing  some  of  the  tree's  solar  collec- 
tors can  reduce  growth.   Basically,  pruning  of 
live  branches  is  a  dwarfing  practice  (MacDaniels 
1973) .   The  greater  the  proportion  of  the  live 
crown  removed,  the  greater  the  chance  of  an 
undesirable  response  by  the  tree.   This  response 
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could  be  reduced  growth  or  the  tree's  attempt 
to  compensate  for  the  loss  of  its  solar  collec- 
tors by  excessive  height  growth  or  by  production 
of  new  branches  on  the  bole  (sprouting) . 

Pruning  also  causes  wounds  (Shigo  e_t  al. 
1979).   While  the  wound  is  open,  disease 
organisms  may  gain  entry  and  cause  decay  or 
discoloration  of  the  wood.   Wound  healing 
involves  the  isolation  of  the  wounded  area 
(compartmentalization)  and  the  closure  of  the 
wound  by  new  wood  overgrowing  the  wound.   This 
process  may  result  in  zones  of  weakness  in  the 
wood  that  can  lead  to  ring  shake. 

Black  walnut  does  not  prune  itself  well, 
even  under  the  crowded  conditions  that  are  best 
for  natural  pruning.   Especially  under  short- 
rotation  intensive  culture,  artificial  pruning 
of  live  branches  or  dead  branches  and  stubs 
will  be  needed  for  veneer  production.   However, 
only  those  selected  as  potential  crop  trees 
will  need  to  be  pruned. 


PRUNING  PRACTICES 

Corrective  pruning. — Correcting  potential 
form  defects,  especially  multiple  leader  prob- 
lems, is  usually  the  first  use  of  pruning  in 
walnut  plantings  (Bey  1976,  Beineke  1977,  Clark 
1966).   The  objective  is  to  produce  trees  with 
straight,  single  stems.   If  two  or  more  leaders 
are  competing  for  dominance,  all  but  one  are 
removed.   When  no  high-quality  leader  is  present, 
the  tree  can  be  cut  (coppiced)  near  the  ground- 
line,  and  the  best  leader  can  then  be  selected 
from  the  resulting  stump  sprouts.   The  major 
concern  with  corrective  pruning  is  that  removing 
too  much  of  the  live  crown  of  a  small  tree  may 
reduce  growth  or  create  new  stem-form  problems. 
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The  immediate,  apparent  benefits  from 
corrective  pruning  may  not  last,   von  Althen 
(1977)  found  that  seedlings  severely  injured 
by  a  June  frost  benefited  from  pruning  or 
coppicing.   Three  years  after  treatment,  42 
percent  of  the  coppiced  trees  and  31  percent 
of  the  pruned  trees  were  classified  as  excel- 
lent or  good,  but  only  11  percent  of  the  un- 
treated trees  were  so  classified.   However,  a 
study  in  southern  Illinois-  showed  that  the 
apparent  improvement  in  tree  form  soon  after 
treatment  may  disappear.   Trees  planted  in 
1967  were  coppiced  in  1969,  1970,  and  1972,  or 
not  at  all.   Half  of  the  trees  were  correc- 
tively pruned  as  needed  beginning  in  1967  and 
continuing  until  1975.   Tree  form  ratings  in 
1976  showed  no  significant  effects  of  correc- 
tive pruning  but  trees  coppiced  in  1972  had 
significantly  better  form.   However,  by  1978 
there  were  no  significant  differences  in  tree 
quality  or  between  any  of  the  treatments 
(table  1). 


Table  2. — Average  tree  size  in  1978  for  Illinois 
study. 


Tree  size 


Height 


Diameter  breast 

height 

Year       Not  Not 

coppiced pruned  Pruned   pruned   Pruned 


-  -  -  m  -  -  - 

4.7  4.5 
4.6  4.3 
4.1  4.3 

3.8  3.7 


Not  coppiced  6.6  6.7 

1969  6.8  5.9 

1970  6.0  6.3 
1972  4.9  4.8 


Table  3. — Potential  crop  trees  within  each 
treatment  group 


Corrective  pruning  can  have  a  dwarfing 
effect.   In  von  Althen's  study  (1977),  the 
coppiced  trees  were  11  percent  shorter  and  20 
percent  smaller  in  diameter  than  the  control 
trees  after  4  years.   The  pruned  trees  were  3 
percent  shorter  and  4  percent  smaller.   In  the 
southern  Illinois  study,  both  tree  height  and 
diameter  were  significantly  reduced  by  coppicing 
in  1972  but  not  by  corrective  pruning  (table  2). 
Moreover,  potential  crop  trees,  identified  on 
the  basis  of  both  size  and  quality,  were  more 
numerous  within  the  untreated  group  than  within 
any  of  the  other  treatment  groups  (table  3). 


Crop  trees1 

Year 

Not 

coppiced 

pruned       Pruned 

-  -  -  -  Percent  -  -  - 

■  - 

Not  coppiced 

44          37 

1969 

26           32 

1970 

32          32 

1972 

16          16 

Trees  that  were  average  or  above  average 
in  quality  and  size. 


Table  1. — Comparison  of  tree  quality  in  1978  for  Illinois  study 


Tree  quality 

Excellent 

Poor 

and 

and 

good1 

Fair 

impossible 

Year 

Not 

Not 

Not 

coppiced 

pruned 

Pruned 

pruned   Pruned 

pruned 

Pruned 

Not  coppiced 

44 

37 

26       33 

30 

30 

1969 

37 

37 

47       16 

16 

47 

1970 

58 

37 

26       42 

16 

21 

1972 

58 

53 

26       15 

16 

32 

The  trees  were  rated  on  a  scale  of  1  to  10  as  to  their  poten- 
tial to  develop  into  high-quality  trees. 


zStudy  No.  NC-1108,  CH-422,  data  on  file 
at  the  Forestry  Sciences  Laboratory,  Carbondale, 

IL. 


Thus,  corrective  pruning  should  be  prac- 
ticed with  restraint,  if  at  all.   Generally 
not  all  trees  are  needed  for  crop  trees. 
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Because  many  trees  will  "correct"  themselves 
within  a  year  or  two  after  developing  a  form 
problem,  delay  in  pruning  may  result  in  the 
disappearance  of  the  need  for  it.  If  a  tree 
is  pruned,  the  least  amount  needed  to  do  the 
job  should  be  done.  And  coppicing  in  March, 
April,  or  early  May  will  result  in  less  growth 
loss  than  if  done  in  June  or  July. 

Lateral  pruning. — The  objective  of  lateral 
pruning  is  to  remove  obstacles  (branches  or 
stubs)  to  the  formation  of  clear,  defect-free 
wood  on  the  lower  stem  of  a  tree.   Basic  to 
the  development  of  pruning  recommendations  are 
the  following  considerations:   (1)  tree  growth 
should  not  be  reduced  by  the  removal  of  too 
many  live  branches  at  any  one  time,  and  (2) 
wound  healing  should  be  encouraged. 


Clark  and  Seidel  (1961)  found  that  14-year- 
old  trees  could  be  heavily  pruned  once  without 
significantly  reducing  growth.   Ten  years  after 
treatment,  trees  pruned  of  75  percent  of  their 
live  crowns  had  grown  as  much  in  diameter  as 
trees  pruned  by  lesser  amounts  or  left  unpruned. 
However,  annual  pruning  for  6  consecutive  years 
reduced  tree  diameter  when  80  percent  of  the 
bole  was  cleared  (table  4).   Trees  planted  in 
1969  were  first  pruned  in  1975.   Three  years 
of  annual  pruning  did  not  reduce  tree  size 
(Funk  1979).   However,  continued  treatment  for 
an  additional  3  years  resulted  in  smaller 
diameter  trees  when  80  percent  of  the  bole  was 
cleared,  although  tree  height  was  not  signifi- 
cantly affected.   Diameter  growth  at  breast 
height  during  the  sixth  year  was  significantly 
less  for  the  80  percent  pruned  trees  than  for 
lesser  treatments  (table  5). 


Table  4. — Tree  size  after  3  and  6  years  of  annual  pruning 


Diameter 

at 

Percent  of 

He: 

i-ght 

Diameter 
3  years 

at  0.3  m 
6  years 

breast 
3  years 

he 

ight 

height  pruned 

3  years 

6 

years 

6  years 

0 

3.3 

4.5 

7.8 

11.0 

4.9 

7.8 

20 

3.2 

4.3 

7.2 

10.0 

4.3 

7.3 

40 

3.4 

4.5 

7.5 

10.4 

4.8 

7.7 

60 

3.6 

4.9 

7.5 

10.3 

5.3 

8.0 

80 

3.6 

4.8 

6.5 

8.6 

4.5 

6.6 

Table  5. — Treatment  response  during  third  and 
sixth  years  of  annual  pruning 


Percent  of    DBH  growth     No.  sprouts 
height  pruned   6th  year   3rd  year   6th  year 


0 

1.2 

0.1 

0.1 

20 

1.0 

0.2 

0.0 

40 

0.9 

0.6 

0.4 

60 

0.8 

1.3 

2.9 

80 

0.6 

6.7 

10.7 

Data  on  file  at  the  Forestry  Sciences 
Laboratory,  Carbondale,  IL. 


The  tree  may  respond  to  heavy  pruning  by 
producing  sprouts.   Clark  and  Seidel  (1961) 
noted  sprouts  on  50  percent  of  the  trees 
pruned  of  75  percent  of  their  live  crowns,  but 
only  6  percent  of  the  trees  pruned  of  25  per- 
cent of  their  live  crowns  produced  sprouts. 
Funk  (1979)  found  an  average  of  6.7  sprouts 
per  tree  for  the  80  percent  treatment  in  the 
third  year,  and  10.7  new  sprouts  were  produced 
during  the  sixth  year  of  the  study  (table  5) . 
This  rebuilding  of  the  live  crown  may  help  a 
tree  maintain  its  growth  rate,  but  it  negates 
the  potential  benefits  of  pruning  for  the  pro- 
duction of  clear  wood. 

The  wounds  that  result  from  either  natural 
or  artificial  pruning  must  heal  cleanly  if  the 
objectives  of  pruning  are  to  be  met.   The 
extent  of  internal  defects  (staining  and  ring- 
shake  zones)  is  related  to  the  size  of  the 
wound,  the  number  of  wounds  within  a  segment 
of  the  bole,  and  the  season  of  year  when  the 
wounds  are  made  (Shigo  £t  al.  1978,  Shigo  et^ 
al.  1979,  Smith  1980).   Branch  collars  that 
form  around  dead  or  dying  branches  are  part  of 
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the  healing  process,  and  thus  removing  these 
collars  rewounds  the  tree  (Shigo  et_  al.  1979). 
Open  wounds  are  infection  courts  for  disease 
organisms  such  as  wood  decay  fungi. 

Heavy  pruning  can  also  lower  tree  quality, 
primarily  because  of  the  additional  wounds 
created  by  the  pruning  of  sprouts.   In  the 
southern  Illinois  study,  annual,  repeated 
pruning  to  clear  80  percent  of  the  bole  result- 
ed in  significantly  fewer  high-quality  trees 
and  more  lower  quality  trees  (table  6).   On 
the  other  hand,  no  pruning  and  clearing  only 
20  percent  of  the  bole  also  resulted  in  fewer 
high-quality  trees  than  the  40-percent  and  60- 
percent  treatments  (table  6) . 


Table  6. — Tree  quality  after  6  years  of  annual 
pruning 


Percent  of 
height  pruned 


Excellent 
and  good 


Fair 


Poor  and 
impossible 


Percent  - 

0 

33 

57 

10 

20 

28 

62 

10 

40 

54 

33 

13 

60 

47 

35 

18 

80 

23 

42 

35 

-■-See  footnote  for  table  1. 


For  best  results,  lateral  pruning  should 
be  done  in  stages,  beginning  when  the  trees 
(and  thus  the  branches)  are  small  (3  to  4  m 
tall) .   Between  40  to  50  percent  of  the  tree 
height  should  remain  with  branches.   If  clusters 
of  branches  are  present,  not  all  branches  should 
be  removed  at  one  time.   Pruning  in  the  spring 
just  before  bud  break  avoids  the  fall  spore 
production  period  of  many  disease  organisms 
and  minimizes  the  time  before  the  wound  begins 
to  close.   And  spring  wounds  result  in  less 
discolored  and  abnormal  wood  than  fall  wounds 
(Smith  1980).   If  branch  collars  are  present, 
pruning  should  remove  the  branch  flush  to  the 
outer  edge  of  the  collar,  not  flush  to  the  main 
stem. 

Periodic  pruning  should  continue  until  the 
desired  clear  length  is  obtained.   Theoretical 
economic  analyses  generally  support  a  5.2  m 
clear  length  for  veneer  production  and  a  2.6  m 
clear  length  for  nut  production  (Schlesinger 
and  Funk  1977). 


SUMMARY 

Patience  and  understanding  are  the  keys 
to  pruning  for  quality.   Generally,  corrective 
pruning  appears  to  be  of  little  or  no  value  in 
intensive  culture,  although  there  may  be  a  few 
exceptions.   Allowing  trees  to  straighten 
naturally  if  possible  and  removing  the  low- 
quality  trees  in  thinnings  will  normally  result 
in  a  high-quality  plantation.   Careful,  timely 
lateral  pruning  of  potential  crop  trees  will 
result  in  the  development  of  clear  wood  and 
high-value  trees. 
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PRINCIPLES  OF  MANAGING  BLACK  WALNUT  IN  NATURAL  STANDS 

2 
Burnell  C.  Fischer 


Abstract. — The  management  of  black  walnut  in  natural 
stands  is  basically  the  combination  of  strategies  normally 
employed  in  managing  natural  stands  and  the  intensive 
cultural  practices  developed  for  plantations.  These  dual 
strategies,  if  carefully  thought  out  in  the  planning  process 
and  then  implemented,  can  result  in  the  successful 
regeneration,  growth  and  development  of  black  walnut  trees  in 
natural  woodlands. 


INTRODUCTION 

The  intensive  culture  of  black  walnut 
plantations  tends  to  dominate  the  discussion 
at  a  walnut  meeting.  However,  timber 
production  from  natural  woodlands  as  a 
management  objective  provides  significantly 
more  income  to  private,  nonindustrial  woodland 
owners  than  plantations. 

Black  walnut  trees  are  usually  a  very 
small  component  of  natural  stands,  generally 
appearing  as  scattered  single  trees  or  in 
small  isolated  groups.  However,  because  of 
its  potential  high  timber  value,  full 
consideration  should  be  given  to  the 
possibility  of  incorporating  the  intensive 
culture  of  individual  black  walnut  trees  into 
the  management  of  natural  woodlands. 

The  objectives  of  this  paper  are 
two-fold.  First,  I  wish  to  briefly  review  the 
steps  necessary  in  developing  a  forest 
management  plan  for  a  natural  woodland  and  the 
special  considerations  that  can  be  made  for 
black  walnut  tree  management.  Secondly,  I 
will  comment  on  several  cultural  practices  for 
black  walnut  tree  management  in  natural 
stands. 


Paper  presented  at  the  1981  Joint 
Meeting  of  Walnut  Council/Northern  Nut  Growers 
Association,  W.  Lafayette,  Indiana,  Aug.  9-14, 
1981. 2 
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Management  Planning 

Most  "forest  management"  in  natural 
woodlands  has  been  custodial  in  nature.  That 
is,  timber  is  harvested  when  it  is 
merchantable  and  desirable  for  the  owner,  a 
new  stand  is  then  allowed  to  regenerate  and 
grow  as  it  will,  and  timber  is  again  harvested 
when  it  becomes  merchantable  and  advantageous 
to  the  owner.  This  type  of  management 
requires  little,  if  any  planning  and  results 
in  very  few  timber  management  expenditures  for 
the  woodland  owner.  However,  custodial 
management  usually  results  in  relatively  few, 
widely  spaced  (in  time)  financial  returns  for 
the  woodland  owner.  Also,  such  management 
generally  does  not  favor  the  regeneration, 
development  and  growth  of  black  walnut  trees. 
This  is  particularly  true  when  the  forest 
management  practiced  is  "partial  cutting", 
where  a  residual  stand  of  small  and/or  lower 
quality  trees  is  left. 

Managing  timber,  whether  in  natural 
stands  or  plantations,  is  a  major  project 
requiring  a  high  degree  of  planning.  This 
planning  should  result  in  the  development  of  a 
forest  management  plan  for  the  woodland  and 
the  consideration  of  the  position  of  the 
woodland  in  relation  to  the  other  activities 
(investments)  of  the  woodland  owner.  Both  of 
these  steps  are  of  vital  importance  because  of 
the  extended  time  period  resources  are  tied  up 
before  either  a  return  is  realized  or  the 
accumulated  wealth  in  the  timber  and  land  is 
passed  on. 

A  forest  management  plan  is  essential  if 
the  woodland  owner  is  to  maximize  current 
income  and  wealth  accumulation  within  the 
forest's   biological  constraints  and   site 
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limitations,  and  his  landowner ship  objectives. 
As  with  the  management  of  any  investment, 
professional  guidance  and  assistance  is 
strongly  recommended.  Unless  the  landowner  is 
trained  in  forestry  he  should  seek  the  advice 
and  skills  of  professional  foresters. 
Foresters  working  for  the  State,  Cooperative 
Extension  Service,  Soil  Conservation  Service, 
forestry  consultants  and  industrial  foresters 
can  all  be  helpful. 

The  development  of  a  forest  management 
plan  can  be  explained  as  a  four  step  process. 
The  first  and  continuing  step  is  that  made  by 
the  woodland  owner  in  clearly  defining  his 
ownership  objectives.  Foresters  and  other 
professionals  can  aid  in  this  decision  making 
process  by  proposing  different  alternatives 
and  projected  potential  incomes  from  the 
forest.  However,  it  must  be  emphasized  that 
the  final  objectives  be  those  of  the  woodland 
owner  and  not  the  assisting  forestry 
professional . 

Second  is  the  completion  of  an  inventory. 
This  is  simply  the  gathering  of  the  data 
necessary  to  evaluate  the  woodland  potentials 
and  opportunities,  so  that  timber  management 
strategies  such  as  thinning  schedules,  cutting 
budgets,  planting  regimes,  improvement 
cuttings,  logging  road  construction,  timber 
tax  management,  and  individual  black  walnut 
tree  culture  can  be  developed.  The  data 
gathering  can  be  divided  into  two  parts.  The 
first  part,  sometimes  called  a  reconnaissance 
cruise,  consists  of  the  determination  of 
property  boundaries,  an  accurate  calculation 
of  acreage,  determination  of  soil  and 
topographic  conditions,  procurement  of  maps 
and  aerial  photos  of  the  woodland,  an 
accounting  of  property  taxes  and  other 
nonmanagement  costs  of  holding  the  land  and  a 
description  of  the  land-use  history  of  the 
woodland.  The  more  completely  this  first  part 
of  the  inventory  process  is  carried  out,  the 
more  successful  the  data  collected  in  the 
"timber  cruise"  in  the  second  part  of  the 
inventory  can  be  interpreted  and  utilized  in 
developing  the  forest  management  plan. 

To  the  person  interested  in  black  walnut 
two  aspects  of  the  reconnaissance  cruise  are 
of  particular  importance.  First  is  the  soil 
survey.  By  delineating  the  differing  soil 
conditions  for  a  woodland,  the  woodland  owner 
can  determine  which  sites  are  suitable  for 
black  walnut  trees.  This  should  prevent 
future  errors  in  establishing  and  managing 
black  walnut  "off-site".  The  second  aspect  is 
that  of  land-use  history.  A  thorough  analysis 
of  past  timber  sales,  and  management 
activities   may   indicate  if  the  woodland 


previously  contained  higher  populations  of 
black  walnut  than  at  present. 

The  second  part  of  the  inventory  process 
is  the  "timber  cruise".  The  sampling 
intensity  of  the  timber  cruise  is  related  to 
the  ownership  objectives  and  characteristics 
of  the  woodland.  The  timber  cruise  should  be 
conducted  by  a  forestry  professional.  In  a 
timber  cruise  the  forester  determines  the 
species,  diameter,  height,  quality,  vigor  and 
past  growth  rate  of  sample  trees.  The  data 
collected  on  the  timber  cruise  can  be  utilized 
in  determining  the  structure  (tree  size 
distribution) ,  stocking  (density) ,  pulpwood 
and/or  sawtimber  volume,  present  value,  growth 
potential  and  earning  potential  of  the  whole 
woodland  as  well  as  for  separate  portions 
(stands)  of  the  woodland. 

Because  of  the  potential  high  market 
value  and  increased  management  activity 
directed  toward  black  walnut  trees  it  may  be 
wise  to  more  intensively  sample  the  walnut 
tree  population  in  a  natural  woodland.  The 
ultimate  would  be  to  identify  and  record  each 
walnut  tree  and  its  location  in  the  woodland. 
This  intensity  may  not  be  justified  in  many 
situations  but  careful  consideration  should  be 
given  to  sampling  intensity  by  a  woodland 
owner  and  his  forester.  For  example, 
intensively  inventorying  the  more  valuable 
trees  would  be  of  great  help  in  establishing 
the  financial  basis  should  a  loss  of  trees 
occur. 

The  third  step  is  the  actual  development 
of  a  forest  management  plan.  This  written 
plan  is  the  combining  of  the  ownership 
objectives  and  inventory  data.  The  final  plan 
should  include  a  description  of  the  woodland, 
a  statement  of  ownership  objectives  and  goals, 
maps  and  aerial  photos,  summaries  of  inventory 
data,  a  timber/cash  flow  analysis,  and  a  5  to 
10  year  annual  plan  of  work.  A  separate 
portion  of  the  plan  may  be  devoted  to  the  more 
intensive  cultural  management  of  individual  or 
groups  of  black  walnut  trees.  Most  woodland 
management  plans  appear  rather  standardized 
with  little  individuality,  such  as  a  separate 
walnut  portion.  This  usually  means  the 
landowner  has  not  identified  his  objectives 
but  followed  the  ideas  of  a  forester. 
Finally,  additional  provisions  for  updating 
and  revising  the  plan,  as  well  as  for 
additional  inventory  data  should  be  clearly 
indicated. 

The  fourth  and  final  step  is  a  continuing 
task  for  the  woodland  owner.  He  must 
implement  the  plan.  Also  on  a  regular  basis 
he  must  record  work  progress,  all  expenses  and 
incomes,  review  and  plan  for  future  work 
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schedules,  and  evaluate  the  plan's  continued 
desirability. 

As  the  woodland  owner  evaluates  his 
woodland  management  operation  he  should 
continue  to  include  and  consider  the  woodland 
investment  as  part  of  his  total  investment 
portfolio.  This  will  require  the  woodland 
owner  to  review  his  present  and  projected 
returns  and  expenses  with  his  tax  accountant 
and  financial  advisors.  This  will  allow  for 
the  woodland  owner  to  balance  the  long-term 
and  asset  accumulation  aspects  of  his 
timberland  with  his  investment  portfolio  and 
estate  planning  for  maximum  efficiency  and 
profitability. 

Cultural  Practices 

Timber  production  inherently  implies 
growing  trees  for  harvest.  Forest  management 
proceeds  on  the  basic  assumption  that  the 
vegetation  on  any  site  normally  tends  to 
extend  itself  aggressively  to  occupy  the 
available  growing  space.  If  the  vegetation 
fills  the  growing  space,  the  only  way  that  the 
forest  can  be  changed  or  controlled  is  by 
removing  (i.e.  cutting)  trees.  Thus,  cutting 
is  important  not  only  as  a  means  of  harvesting 
trees  for  income,  it  is  the  means  by  which 
forests  are  re-established  and  tended. 

Basically,  cuttings  are  made  to  either 
promote  the  growth  of  desirable  trees  already 
in  existence  -  an  intermediate  cutting,  or 
provide  room  for  the  establishment  of  new 
trees  -  a  reproduction/  harvest  cutting.  Both 
of  these  types  of  cuttings  can  be  used  to 
increase  the  numbers  and  growth  of  black 
walnut  trees  in  a  natural  woodland. 

Black  walnut  require  nearly  full  sunlight 
to  survive  and  grow  as  a  seedling  or  sapling. 
In  fully  stocked  forests  it  must  be  in  a 
dominant  or  codominant  crown  position  to 
maintain  itself.  Thus,  cultural  practices 
directed  towards  growing  existing  black  walnut 
or  the  establishment  of  new  seedlings  must  be 
concerned  with  this  intolerance  to  shading 
(Schlesinger  and  Funk  1977) . 

Intermediate  Cuttings 

Intermediate  cuttings  are  made  during  the 
long  time  period  between  the  establishment  of 
a  new  stand  of  trees  and  its  eventual  harvest. 
Intermediate  cuttings  vary  in  objectives. 
Thinnings  primarily  regulate  stand  growth  by 
varying  stand  density.  Release  and 
improvement  cuttings  are  designed  to  regulate 
the  species  composition  and  improve  the 
quality  of  very  young  and  older  stands. 


Pruning  of  branches  results  in  improved  future 
individual  tree  stem  quality. 

Thinnings  are  desirable  to  control  stand 
density,  particularly  in  even-aged  stands. 
Studies  have  shown  that  trees,  even  in  older 
sawtimber  sized  stands,  respond  with  increased 
diameter  growth  after  thinning  (Hilt,  1979) . 
Stocking  guides  for  a  number  of  species 
including  black  walnut  are  presently  available 
(Schlesinger  and  Funk  1977) . 

Release  cuttings,  particularly  to 
stimulate  the  growth  of  selected  hardwood  crop 
trees  in  stands  less  than  10  years  old,  are  of 
questionable  value.  Such  release  cuttings 
have  not  significantly  improved  height  or 
diameter  growth  or  length  of  clear  stem,  nor 
prevented  crown-class  regression  in  black 
cherry  and  yellow  poplar  following  treatment 
(Smith,  1979) .  Seme  researchers  now  suggest 
that  entry  into  young  even-aged  hardwood 
stands  less  than  20  years  old  may  be 
unsuccessful  in  stimulating  growth  response. 
However,  if  the  objective  to  enter  young 
stands  is  to  change  species  composition  (i.e., 
remove  dominant  undesirable  species)  then  such 
a  treatment  may  still  be  possible. 

Also,  grapevine  control  in  such  young 
stands  may  be  required  to  reduce  damage  "and 
allow  future  crop  trees  to  develop. 
Grapevines  can  be  a  significant  hinderance  to 
young  stands,  particularly  on  very  productive 
sites  (Trimble  and  Tryon,  1979;  Smith  1979) . 

Improvement  cuttings  (commonly  called  TSI 
if  not  a  timber  harvest)  are  generally  made  in 
previously  unmanaged  stands  and  take  the  form 
of  removing  cull  trees  or  low-value  species. 
The  goal  of  such  an  operation  is  to  increase 
future  stand  value  by  removing  trees  of  little 
or  no  economic  value  and  by  providing  space  in 
which  higher  quality  and  high-value  species 
can  develop.  Black  walnut  trees  have  been 
shown  to  be  an  excellent  "candidate"  tree  to 
favor  in  TSI  (Phares  and  Williams,  1971) . 

A  concern  that  has  recently  arisen  with 
TSI  is  the  potential  problem  of  "flashback" 
when  using  picloram  (Tordan  101R)  in  stands. 
Flashback  refers  to  the  herbicide  damage  to 
adjacent  untreated  vegetation  via  root  grafts 
or  soil  moisture  movement.  Yellow  poplar  is 
particularly  sensitive  to  picloram.  Black 
walnut  has  generally  not  shown  to  have  this 
sensitivity  problem.  Practices  that  may  avert 
the  problem  include  monitoring  dosage  rates  so 
that  excess  amounts  of  herbicide  are  not 
applied  to  injected  trees,  girdling  trees 
rather  than  injecting  herbicides  and  using 
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alternative  herbicides  such  as  glyphosate 
(Roundup) . 

Many  landowners  have  invested  time  and 
money  in  pruning  because  of  the  veneer  and 
high  quality  sawlog  potential  of  black  walnut. 
Pruning  in  plantations  is  usually  necessary, 
especially  those  of  wider  spacing  (Beineke, 
1977) .  This  is  less  of  a  problem  in  natural 
stands,  however,  pruning  can  be  considered  as 
an  investment  alternative.  In  theory  this  is 
a  prudent  investment  because  as  a  result  of 
pruning,  veneer/lumber-grade  recovery  of 
individual  trees  can  be  improved,  with  a 
resulting  value  increase  of  pruned  trees  over 
that  of  unpruned  trees.  However,  in  practice 
the  landowner  may  not  be  rewarded  for  his 
pruning  costs  at  the  time  of  sale  and  harvest, 
so  the  decision  to  prune,  as  with  any 
investment  decision,  must  be  carefully 
considered.  Remember,  pruning  does  not 
increase  the  growth  rate  of  the  tree!  Only 
the  reduction  of  surrounding  competition 
improves  individual  tree  growth.  Pruning  is 
simply  a  cultural  treatment  that  should 
increase  the  potential  stumpage  value  of  a 
tree. 

Planting  in  Natural  Stands 

Natural  woodlands  usually  contain 
relatively  few  black  walnut  trees.  Yet,  many 
woodland  sites  are  capable  of  growing  black 
walnut.  Since  the  natural  regeneration  of 
black  walnut  is  a  slow  and  "chancy"  process, 
many  woodland  owners  wish  to  "sweeten"  the  mix 
by  planting  black  walnut  trees  after  removing 
residual  trees  in  a  regeneration  cutting. 

Clearcutting  or  at  least  the  creation  of 
large  openings  (areas  larger  than  2-4  tree 
heights  in  diameter)  is  recommended  as  the 
best  site  preparation  method  prior  to  planting 
black  walnut  in  a  woodland.  Such  cutting 
creates  an  area  large  enough  that  open 
conditions  are  created.  This  is  essential  for 
black  walnut.  Following  the  planting  of  black 
walnut,  the  real  management  begins.  Studies 
(Krajick  1975;  Hilt  1977)  and  field  experience 
continue  to  demonstrate  that  cultural 
treatments  to  control  the  competing  dense 
sprout,  shrub  and  herbaceous  cover  on 
previously  forested  sites  is  required  if 
significant  numbers  of  planted  black  walnut 
trees  are  to  survive  and  grow  to  a  dominant 
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crown  position.  A  second  and  often  fatally 
ignored  cultural  practice  is  the  maintenance 
of  the  opening/patch  clearcutting  over  time. 
Smaller  dimension  openings,  which  are 
generally  favored  by  woodland  owners  with 
small  land  holdings,  must  be  periodically 
enlarged  by  cutting  the  border  overstory 
trees.  If  ignored,  the  subsequent  growth  of 
residual  overstory  trees  bordering  a  forest 
opening  can  dramatically  reduce  direct  solar 
radiation  levels.  Fischer  (1979)  projected 
that  small  circular  forested  openings  of  0.5 
and  1.0  tree  height  dimensions  had  direct 
solar  radiation  reduced  21%  and  17%  in  5  years 
and  71%  and  30%  in  10  years  based  on  average 
height  and  crown  width  increments  of  perimeter 
trees  in  upland  hardwoods. 


SUMMARY 

The  management  of  black  walnut  in  natural 
stands  is  basically  the  combination  of 
strategies  normally  employed  in  managing 
natural  stands  and  the  intensive  cultural 
practices  developed  for  plantations.  These 
dual  strategies,  if  carefully  thought  out  in 
the  planning  process  and  then  implemented,  can 
result  in  the  successful  regeneration,  growth 
and  development  of  black  walnut  trees  in 
natural  woodlands. 
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GROWTH  OF  BLACK  WALNUT  IN  A  FERTILIZED  PLANTATION-^ 

2 
J.  M.  Braun  and  W.  R.  Byrnes 


Abstract. — Height  and  D.B.H.  growth  has  averaged  2.2  ft/yr 
and  0.44  in/yr,  respectively,  for  a  well-managed,  fertilized 
walnut  plantation  located  on  a  moderately  fertile  site. 
Growth  of  the  best  15%  of  the  stand  has  averaged  2.7  ft/yr 
and  0.54  in/yr  for  height  and  D.B.H. ,  respectively.  The 
plantation  was  fertilized  with  N,  P  and  K  three  times  since 
planting  in  1968,  and  yearly  measurements  of  height  and 
D.B.H.  were  made  through  1977  and  again  in  1980.  Statistical 
analysis  failed  to  detect  any  meaningful  growth  response 
associated  with  fertilizer  treatments,  and  there  are  no 
significant  trends  displayed  by  the  data.  The  evidence  in 
this  study  suggests  that  fertilizer  amendments  are  not  needed 
during  the  establishment  of  black  walnut  plantations  located 
on  good  sites.  This  study  is  also  discussed  briefly  as  a 
case  history  of  the  growth  and  management  potential  for  a 
walnut  plantation. 


INTRODUCTION 

The  intensive  management  of  black  walnut 
(Juglans  nigra  L. )  in  natural  stands  and 
plantations  is  of  concern  to  many  people  today 
as  an  investment  opportunity.  Interest  in 
black  walnut  has  existed  for  many  years  due  to 
the  high  stumpage  prices  that  black  walnut 
commands.  The  techniques  needed  to 
intensively  manage  black  walnut,  especially  in 
plantations,  have  gradually  developed  during 
the  last  two  decades.  Improvement  in 
management  factors  such  as  site  selection  and 
preparation,  planting  methods,  spacing, 
interplanting  with  various  nurse  and  agronomic 
crops,  insect,  disease,  and  weed  control, 
corrective  pruning,  as  well  as  the  economic 
aspects  of  walnut  management  have  been 
researched  and  the  results  and  recommendations 
widely  disseminated.  Significant  strides  also 
have  been  made  in  genetic  improvement  of  black 
walnut,  primarily  through  selection  and 
vegetative  propagation.  Finally,  improved 
nursery  management  has  produced  higher  quality 
black  walnut  planting  stock. 
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Fertilization  is  another  factor 
recognized  as  potentially  significant  for 
improving  the  growth  of  black  walnut.  At  the 
time  this  study  was  initiated,  1967,  there  was 
very  little  information  published  relative  to 
field  fertilization  of  black  walnut.  Detailed 
study  of  the  effects  of  fertilization  in  young 
plantations  was  considered  of  paramount 
importance  and  interest.  The  purpose  of  this 
study  was  to  quantify  the  growth  responses  of 
a  young  black  walnut  plantation  to  various 
rates  of  nitrogen,  phosphorus,  and  potassium 
fertilization. 


LITERATURE  REVIEW 

Despite  a  broad  base  of  experience  in 
forest  fertilization  in  some  parts  of  the 
world  and  in  some  regions  of  our  country, 
practical  knowledge  of  field  fertilization  of 
black  walnut  is  still  fragmentary.  Similarly, 
basic  information  on  the  nutritional 
requirements  of  black  walnut  is  incomplete. 

Based  on  greenhouse  experiments  with 
black  walnut,  Hacskaylo  e£  £!•  (1969) 
described  visual  nutrient  deficiency  symptoms, 
normal  leaf  characteristics,  and  the  foliar 
nutrient  concentrations  associated  with  each 
condition.  This  basic  information  is 
particularly  useful  for  validating  the 
condition  of  normal  foliage.  However,  since 
site  requirements  of  black  walnut  are  well 
known,  it  is  unlikely  that  nutrient 
deficiencies  severe  enough  to  cause 
recognizable  deficiency  symptoms  will  occur  in 
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a  wol  I  locattxt  walnut  pl.uit  .it  ion.  II  nut i lent 
del  toi one ton  *lo  iKVin  they  .mc  moi  e  I  ikely  111 
the      lange      oi       "hidden      hungot."  In      bhil 

OOnditioil,  null  iciil  ili'l  uicnricM  t  odlioe  giowth 
Uit  ,-\i<>  not  :k>voio  enough  to  pivxluoo 
.list  met  ive  v  Inikil    sympt  mm. 

Ph.it  on  .nut  I'um    (I1)/;.)    piepiuxl  a    lint    .'I 

tentative    Olitic.ll      lOli.ll      llllttieilt       levolli     lOI 

black  walnut    tieou.     Koliai    lovoln  Ivlow  2.00* 

N,        0.10*       P|        and       0.7*1*       K       WOIO      Classed      .IS 

ik'f  Ieiont  toi  these  ol<wnl:;,  with  the  strong 
likolyhood  oi  .1  giowth  ionpoiuk>  to  nutrient 
aixil  iont  ionn.  liitoiimxHnto     values,      whoio 

loitili/.et  may  01  may  not  el  licit  .1  louponno 
wete  given  an  .'.Oil  .'.Ml*  N,  0.10  0..">*  P,  and 
0.7'i  l.U)*  K.  P10ue11t.it  ion  o(  those  viitn-.il 
values  in  .1  ilel  mite  stop  111  t  ho  1  1'ilit 
illKX't  ion,  t  Hit  to  0111  kiuwlcxlgo  tllOUO  vl.lt  .1 
havo  not    i«xviv«xl  extensive   t  10KI  I  o:;t  » n»i . 

The  Icanihility  o(  tort t 1 i/tng  hi. 10k 
walnut  at  t  ho  t  I  mo  ot  plant  liuj  appoatu  t  o  lx> 
1  elated  to  t  ho  suitahility  ot  t  ho  si  to  I01 
w.ilnul.  IVmkIoi       (1980)      studied     walnut      on 

Wake  I  and  silt  loam,  a  ixmiowhat  pooi ly  dial  nod 
noil,  that  was  a  maiginal  site  I'oi  walnut. 
IVi  t  1 1  i.ul  ton  at  t  tine  ol  plant  1  no  nt  tmulatixl 
lx>t  h  height  anil  diametoi  growth  oi  the  ti  00:.. 
llowovoi  ,  giowth  >lnl  not  equal  that  ol  hl.uk 
walnut  plunttxl  on  goxxl  niton.  Othet  studios 
on  niton  uuitahle  io\  walnut  (Hyrnos  1%(>, 
SohnehkM  et  al.  1970,  .ml  Williams  1074)  Ivwo 
tented  a  wulo  lange  ot  plant  1  no,  method:;,  anil 
w«xxl  control  techniques  in  conjunction  with 
v.u  1011:.  let t  i  1  ization  tioatments  at 

t  line  ot  plant  tug.  'the  ooti:kniuus  opinion  in 
that   walnut    needling:;  planted  on  good  niton  ik> 

not    exhihtt    sigmt  ioant    01    practical    growth 

leniXMines  to  t  (-i  t  1  1  1  .at  ion  at 

time  ot  plant  in.),  thoiotote,  lei  t  i  I  i/.at  ion  wan 
not      i  ixxmnondod     at      this     stage.  Williams 

(1974)  tepoitod  that  (ci  t  1 1  i/.at  ion  1  oduotxt 
nutvlval  and  gtowth  ot  the  planted  needling:;. 
In  this  .-aso,  seedling  toots  prohahly  wore 
Uuiuxi  l*y  loittli/01  salts  placed  In  t  he 
planting  hole  il  ounce  :«  12  .»  t  t<v) .  it  wan 
also  appatent  howevoi  that  coupe t  ino  wetxts 
stimulated  hy  the  tortili/.et  suppt  o:  .sod  sane 
walnut    needl  lugs. 

The  ftiivigei  s  HaixilxHik  1 01  HI, 10k  Walnut 
(Schlostngot  and  Funk  P>\q  state:.  that 
t  ot  1 11  izat  ion  ot  pole  si/.e  tioos  is  likely  to 
ptovide  the  lx»st  oootxwiie  leturnn. 
Schloslngot  aixt  Punk  also  caution,  Ixvovoi , 
thai  "not  much  in  yet  known  aUnit 
toi  t  1 1  izat  ion, "  and  "It  in  not  possible  to 
make  specific  1  ooomiendat  ions  tvM  s|\vilu' 
noil:    at    the  present    time   .    .    ." 

Nooly  ct  di-  (l">70)  examiixxl  a 
.'.'   \<\u    old      walnut        plantation      ouvuvi       on 


Plaint  iold  s.uul;  a  diouqhty  :<ul  low  in 
otijanic       iiwittei.  'I1u  00       ye.u  ly       surface 

applioationn  ol  N  at  .'(<00  ll>  A  toaultad  in  a 
D.P..I1.  Miowth  lonponsk'  ol  2!)4*  alt.-i  th«'  thud 
yoai  .  "Hie  di.mietoi  uuvth  into  ol  l«>i  I  i  I  i/.od 
li<<>:.  aiiiountoil  to  0.26  in  yi  I  nit  lotuinod  to 
the  pie  treatment  level  ol  0.07  in.  yi  within 
two       yoais       at  toi        the       I  in.il        lertilizoi 

application^        Traatwont     with    a    ciwipi*»to 

l<M°tili'/oi  (N,  P,  and  K)  nupiovod  di.-miotoi 
.ii.vth  only    I  HO*   durinq   the   isiiuo  pei  uxl. 

Von  Alt  lun  (ll)76a)  t  IiIiiihhI  and  I  01 1  il  t/.od 
a  .'  /  y<Mi  old  plantation  ol  hlaok  walnut 
qrowino,  on  (ormei  aqrioultural  land  in 
Ontaiio,  Paixuli.  A  complete  teitili/oi  was 
appl  uxl  at  1  at  en  oi  4r)0  218  :00  ll«  A  ol  N  lv  K, 
1  es.jx-ot  i\ cly .  i'oi  i.u  N  and  P  incroanod  while 
K  concent  1  at  ion:;  dtx'uvukxi  1  yen  alter 
titxitniont.  IV  the  oiui  ot  the  third  growing 
utvuktn,  lolsu         nut  1  lent         concent  1  at  iona 

letunuxl  to  pi  o  tort  i  1  i/.at  ion  levels.  'Hie 
*  1  en  I  moot  had  nogliqihle  olltx-t  on  trees  ol 
aveiage  tx»:vil  atoa.  lUvevot ,  considtuing  only 
the  largest  100  1 1  eon  A  vtho  piolxihle  future 
crop  tteos),  tort  i  I  i/.at  ion  i  no  loaned  the 
avotaqe  diametoi  and  height  hy  .V*  and  .,.1*, 
1  onprx-t  ively. 

Matxilin  el  ol.  (ll)//)  teitiliztxl  two  40 
you  old  st  anils  ot  hlaok  walnut  to  ascot  tain 
the    eftootn    ol     nit  10*1011    lottili/.ei    on   uiowth 

anil     hxi     quiiity.         'Hiey     concludad     high 

l<-itility  Kit  t  ojii  land  site;;  should  not  lx< 
toitilr/.txl  as  the  control  t  1  00s  .it»v  moi  <>  then 
those        tot  t  i  I  i/.od.  i>i        upland        sites 

t  ot  t  i  1  i/.at  ion  inotoanod  diametoi  growtli,  Ixit 
not  to  a  statistically  sioni  I  leant  decree.  It 
\..r  iu>ttxl  that  IvX]  quality  ot  untort  i  1  i/.ixl 
liivs  on  t  ho  upland  site  mitt  or  od  o"uo  to 
npi  outing      along      the       lowoi       tole.  Ihll 

■ptOUting  may  luivo  Lxxmi  supvuoss.txl  hy  the 
tort il ization  which  would  result  in  a 
significant  inctoaso  in  the  quality  ol  tlioso 
s.t  ems.. 


'Hi  is.  st  uoS,-  was.  hvattxl  on  the  Mjirtoll 
KxiXMimontal  l\Most  ot  l\uduo  Untvorsity  atxnit 
10  miles  west  ot  West  l»itayette  111  'I'ipjxxMixx? 
County,  Indiaiki.  'Hie  :*nl  typo  is-  i_;oihmxh? 
silt  loam  iKluvontic  1'ut  uxlu  opt  1  ,  a  doop, 
110utt.1l  to  slightly  alkaline,  iivll  drained 
soil  derived  tiom  sti.it  it  uxl  loamy  -wvi  silty 
alluvium  washed  from  upland  aitxis  ot  Wisconsin 
glacial  till.  'Hie  site  is  neatly  level  and 
occupies  .1  soeoixl  toil  ace  ot  the  Walxish  Rivet . 
'Hie  s.i'.s.  soil  intetpretat  ion  taCOVd  COI 
iViHMioo  silt  loam  indicates  that  hlaok  walnut 
is      suitahle      tot       planting.  Othoi       siti- 

:kMiX"tion      ciitoiia       (v'anm\in       l%(>,       Uwho 


1973a)  also  indicate  that  this  soil/site  was 
suitable  for  black  walnut.  The  area  had  a 
past  history  of  agricultural  cropping  and 
grazing,  but  had  lain  fallow  for  several  years 
prior  to  the  initiation  of  this  study. 

In  early  April  1968,  1-0  seedlings  from 
the  Indiana  state  nursery  were  planted  in 
auger ed  holes  on  an  8  by  8- foot  spacing.  The 
seedlings  were  subjected  to  a  severe  late 
frost  in  early  May  1968,  therefore,  initial 
fertilizer  application  was  delayed  until  the 
following  year.  Twenty-three  fertilizer 
treatments  composed  of  various  combinations  of 
N-P-K  were  applied  in  Spring  1969  (Table  1) . 
Nutrient  elements  were  applied  in  the 
following  forms:  N  as  ammoniom  nitrate,  P  as 
triple  superphosphate,  and  K  as  mutriate  of 
potash.  The  23  selected  treatments  comprise 
an  incomplete  factorial  experiment  in  a  triple 
cube  design  with  four  replications.  Each  axis 
of  the  cube  can  be  considered  to  represent  one 
of  the  applied  nutrient  elements,  i.e.  N,  P, 
or  K  and  the  amount  of  that  element  applied 
indicates  a  point  along  that  axis.  This 
particular  design,  proposed  by  Iowa  State 
University  statisticians,  was  utilized  because 
it  gives  good  estimates  of  the  linear  and 
quadratic  coefficients  of  the  main  effects 
i.e.  N,  P,  or  K  response  as  well  as  the 
interaction  between  these  elements. 

At  the  time  of  planting,  every  other  tree 
in  each  row  and  column  of  the  plantation  was 
designated  as  a  buffer  tree.  Buffer  trees 
remained  untreated,  and  served  to  isolate  the 
treated  trees  and  to  minimize  the  possibility 
of  fertilizer  movement  between  trees  treated 
differently.  The  buffer  trees  were  cut  in 
January  1973,  resulting  in  the  current 
plantation  spacing  of  16  by  16-feet  (fig.  1) . 

Repeat  fertilizer  treatments  were  applied 
during  spring  1971  and  spring  1975.  The 
fertilizer  was  surface-broadcast  on  an  8  by 
8-foot  square  plot  (64  sq.  ft.)  centered  on 
each  treatment  tree.  Each  fertilizer 
treatment  was  applied  to  four  trees  within  a 
block  (replicate) . 

This  plantation  has  been  intensively 
managed  throughout  its  life.  Prompted  by  the 
severe  freeze  in  1968,  the  plantation  received 
frost  protection  during  the  spring  of  1970  and 
1971.  This  was  accomplished  by  igniting 
petroleum-coke  bricks  on  nights  that  damaging 
frosts  were  anticipated.  This  provided  a  low 
smoke  cover  and  reduced  back  radiation  from 
the  soil.  The  treatment  was  successful  in 
minimizing  frost  damage. 

Mechanical  cultivation  several  times  each 
summer  has  been  used  to  control  competing 


vegetation.  Chemical  methods  of  weed  control 
were  not  used  due  to  possible  interactions 
with  the  ferilizpr  treatments. 


I  III  II  ■■  isiiNir,  ■  4pia  ik'ii'wii 


Figure  1. — Fertilized  black  walnut  plantation 
located  at  Purdue  University,  Martell 
Forest:  A  Block  1,  Dec.  1972,  8  x  8-foot 
spacing;  B  Block  2,  March  1981,  16  x 
16 -foot  spacing. 


Corrective  pruning  to  improve  stem  form 
has  been  applied  periodically  since  1971. 
Stem  pruning  also  was  initiated  in  1971  to 
encourage  development  of  clear  bole  wood.  The 
plantation  has  not  been  irrigated  at  any  time 
and  no  pesticides  have  been  used  for  insect  or 
disease  control.  Some  top  breakage  of  trees 
has  occurred  periodically  during  severe 
storms. 
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Table  1. — Mean-  survival,  height,  diameter-at-breast  height  (DBH)  ,  and  total 
volume  of  black  walnut  by  fertilizer  treatment  in  fall  1980. 


Fertilizer  Applied 

Survival 

Total  Height 

D.B.H. 

Total2/ 
Volume— / 

N 

P 

K 

(lbs. /A) 

(%) 

(ft.) 

(in.) 

(cu.  ft.) 

0 

0 

0 

94 

26.2 

5.4 

2.1 

0 

0 

140 

94 

28.5 

5.9 

2.6 

0 

60 

0 

100 

29.9 

5.7 

2.4 

0 

60 

140 

100 

31.2 

6.3 

3.0 

400 

0 

0 

100 

29.9 

5.9 

2.6 

400 

0 

0 

100 

28.5 

5.6 

2.4 

400 

60 

0 

100 

28.5 

5.7 

2.4 

400 

60 

140 

94 

29.9 

6.2 

2.8 

200 

30 

70 

100 

28.9 

5.7 

2.4 

0 

30 

70 

100 

26.2 

5.5 

2.2 

400 

30 

70 

87 

27.9 

5.8 

2.4 

200 

0 

70 

100 

31.5 

6.0 

2.7 

200 

60 

70 

94 

25.6 

4.9 

1.7 

200 

30 

0 

100 

32.5 

6.1 

3.0 

200 

30 

140 

100 

28.9 

5.6 

2.4 

100 

15 

35 

100 

30.8 

5.9 

2.7 

300 

45 

105 

100 

28.5 

6.1 

2.7 

100 

15 

105 

100 

32.2 

6.3 

3.0 

300 

45 

35 

100 

26.9 

5.6 

2.2 

300 

15 

35 

100 

27.9 

5.7 

2.4 

100 

45 

35 

100 

31.3 

6.3 

3.0 

100 

45 

105 

100 

25.6 

5.2 

1.9 

300 

15 
treatments 

105 

100 

27.2 

5.5 

2.2 

All 

98 

28.9 

5.8 

2.5 

—  Mean  of  four  replications 


2/ 


Formulae  frcm  Todhunter  et  al.  (1979) 


V  =  -2.86094  +  0.14366  \/(D2  x  H)  +  400 

where:  V  =  total  stem  volume  in  cubic  feet 
D  =  DBH  in  inches 
H  =  total  height  in  feet 


Soil  samples  were  collected  before  the 
first  fertilizer  application  in  1969,  in  1970, 
and  again  prior  to  fertilization  in  1975. 
These  samples  were  analyzed  for  available  P 
and  exchangeable  K.  In  addition,  the  1975 
samples_  were  tested  for  KC1  extractable  NH . 
and  NCL.  All  tests  were  made  by  the  soil 
testing  laboratory  at  Purdue  University. 

The  total  height  and  D.B.H.  of  all 
fertilized  trees  were  measured  in  the  fall 
each  year  through  1977  and  in  1980.  The 
growth  response  of  the  four  trees  comprising 
an  experimental  unit  was  averaged  and 
represents  the  treatment  response  for  a  given 
block. 


RESULTS  AND  DISCUSSION 

Data  on  total  height  and  D.B.H.  of  the 
fertilized  trees  was  subjected  to  statistical 
analysis  at  the  P=0.05  level.  The  individual 
linear  and  quadratic  effects  for  the  three 
nutrient  elements  as  well  as  their 
interactions  were  isolated  by  use  of  multiple 
regression.  Not  a  single  instance  of  a 
statistically  significant  growth  response 
related  to  fertilizer  treatment  of  black 
walnut  was  detected  on  these  soil  and  site 
conditions. 

In  a  similar  analysis,  year-by-year 
height  and  D.B.H.  growth  was  examined.   In 
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fall  1975,  the  year  of  the  last  fertilizer 
application,  a  significant  height  growth 
response  was  noted  for  N  and  K  (P=0.05) . 
However,  these  responses  were  not  of  a 
practical  magnitude,  and  there  was  no 
carryover  into  subsequent  growing  seasons. 

Table  1  displays  results  of  the  fall  1980 
measurements  by  fertilizer  treatment.  For  all 
fertilizer  levels  and  blocks  combined,  the 
average  values  for  height,  D.B.H.,  and  volume 
are  28.9  feet,  5.8  inches,  and  2.5  cubic  feet, 
respectively.  It  is  evident  that  there  is  a 
wide  range  of  values  about  these  means,  and 
there  is  no  apparent  relationship  between  the 
measured  values  and  the  applied  fertilizer. 
Survival  was  excellent,  ranging  from  87  to  100 
percent  among  fertilizer  levels,  with  a  mean 
of  98  percent  for  all  treatments  and 
replicates  combined. 

There  are  several  reasons  why  we  believe 
the  walnut  plantation  in  this  study  did  not 
respond  to  fertilization.  Most  importantly, 
the  fertilizer  added  during  this  study 
amounted  to  only  a  fraction  of  the  available 
nutrients  on  this  fertile  site.  Analysis  of 
surface  samples  collected  in  1969  prior  to  the 
first  fertilizer  application  indicated  54  and 
168  lb/A  of  available  P  and  exchangeable  K, 
respectively.  In  1970  the  total  soil  profile 
was  analyzed  from  one  of  the  control  plots, 
i.e.  no  fertilizer  added.  The  available  P  and 
exchangeable  K  in  the  whole  profile  amounted 
to  355  lb/A  and  960  lb/A,  respectively.  Table 
2  presents  the  results  of  soil  analysis  from 
samples  taken  in  the  spring  of  1975  prior  to 
the  third  fertilization.  Previous  fertilizer 
additions  had  not  materially  increased  the 
supply  of  available  soil  nutrients  for  any 
element  (P=.05) .  Consequently,  if 
fertilization  cannot  measurably  alter  the 
site,  it  cannot  be  expected  to  measurably 
influence  the  growth  of  vegetation  on  that 
site. 

Secondly,  as  stated  above,  soil  analysis 
indicated  that  the  native  site  was  moderately 
to  highly  fertile.  Thus,  despite  the  high 
nutrient  demands  that  black  walnut  makes  on  a 
planting  site,  the  site  was  capable  of 
supplying  these  needs.  The  best  evidence  for 
this  is  the  fact  that  the  growth  of  the 
control  trees  has  not  differed  significantly 
(P=0.05)  from  trees  treated  with  any  of  the 
fertilizer  combinations  (Table  2) . 

Finally,  there  is  a  statistical 
explanation  why  growth  differences  were  not 
found.  The  triple  cube  design  allowed 
examination  of  all  the  individual  factors  of 
interest,  and  their  interactions.  This  was 
accomplished  with  only  95  treatment  units  (a 


group  of  four  treated  trees  within  a  block) 
whereas  a  complete  factorial  design  would  have 
required  500  treatment  units.  Although  the 
design  is  widely  used  for  industrial 
applications,  the  large  variation  inherent  in 
biological  systems  reduces  the  ability  of  this 
design  to  detect  treatment  differences. 
Thus,  although  treatment  differences  may 
actually  exist,  they  are  of  such  a  small 
magnitude  that  they  cannot  be  separated  from 
the  natural  variation  in  growth  of  this 
plantation. 

The  main  objective  of  this  study  was 
realized  by  concluding  that  fertilization  of 
young  black  walnut  stands,  less  than 
13-years-old,  planted  on  a  good  walnut  site, 
will  not  yield  a  growth  response  at  fertilizer 
levels  used  in  this  study.  In  addition,  this 
study  provides  the  basis  for  an  excellent  case 
history  of  tree  growth  in  a  well  managed 
walnut  plantation. 

Figure  2  shows  the  total  height  and 
D.B.H.  over  the  life  of  the  plantation,  1968 
to  1980.  For  both  height  and  D.B.H. ,  a  rapid, 


1968       1970 


1972        1974 
YEAR 


1976 


1978        1980 


Figure  2. — Mean  total  height  and  D.B.H. 
(diameter-at-breast-height)  for  fertilized 
black  walnut  by  year  for  the  period 
1968-1980,  at  Purdue  Martell  Forest. 


Personal  communication  with  Dr.  Virgil 
Anderson,  Professor  of  Statistics,  Purdue 
University. 
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Table  2. — Soil  N,  P,  and  K,  and  current  height,  DBH,  and  total  volune 
by  increasing  levels  of  applied  nutrient. 


SoilV 
Analysis 

Fall  1980 

Fertilizer 

Total 

Applied 

Spring  1975 

Height 

D.B.H. 

Volume 

lb.  /A 

lb. /A 

Nitrogen 

ft. 

in. 

cu.  ft. 

0 

119 

28.5 

5.7 

2.5 

100 

131 

30.2 

5.9 

2.6 

200 

127 

29.5 

5.7 

2.4 

300 

117 

27.6 

5.7 

2.4 

400 

136 

Phosphorus 

28.9 

5.8 

2.5 

0 

76 

28.9 

5.7 

2.5 

15 

79 

29.5 

5.8 

2.6 

30 

91 

28.9 

5.7 

2.5 

45 

91 

28.2 

5.7 

2.5 

60 

96 

Potassiun 

28.2 

5.7 

2.5 

0 

194 

29.5 

5.7 

2.5 

35 

216 

29.5 

5.9 

2.6 

70 

222 

27.9 

5.5 

2.3 

105 

224 

28.2 

5.7 

2.4 

140 

232 

29.5 

5.9 

2.6 

—  Available  N  and  P  and  exchangeable  K,  for  surface  samples 


relatively  uniform  growth  rate  has  been 
maintained  since  planting.  Average  annual 
growth  rates  over  the  13-year  period  have  been 
2.2  ft/yr  and  0.44  in/yr  for  total  height  and 
D.B.H. ,  respectively.  All  seedlings  attained 
the  D.B.H.  height  (4.5  feet  above  the  ground) 
by  1970.  The  vertical  bars  in  figure  2 
represent  +  1  standard  deviation  about  the 
mean;  it  is  evident  that  this  variation 
increased  as  the  trees  grew  older. 

The  distribution  in  total  height  and 
D.B.H.  by  3-foot  height  and  1-inch  D.B.H. 
classes,  respectively,  for  all  plantation 
trees  in  fall  1980  is  shown  in  figure  3.  Over 
75%  of  the  trees  currently  exceed  27  feet  in 
height,  and  about  one-third  of  the  stand  is 
taller  than  33  feet.  Diameter  distribution 
indicates  that  over  50%  of  the  trees  have  a 
D.B.H.  greater  than  6  inches. 

In  an  effort  to  judge  how  well  the 

Martell  plantation  was  growing,  growth  data 

from   several   sources  was  assembled   for 

comparison  (Table  3) .  The  sources  listed 

represent  a  wide  range  of  soil  and  climatic 
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Figure  3. — Total  height  and  D.B.H.  distribu- 
tion in  fall  1980  for  fertilized  black  wal- 
nut plantation  at  Purdue  Martell  Forest. 
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conditions,  stand  origin,  treatments,  and 
intensity  of  management.  Efforts  were  made  to 
find  and  include  references  reporting  fast 
growth  rates.  It  is  evident  that  the 
fertilized  walnut  plantation  studied  here  is 
growing  as  well  as  the  best  walnut  trees 
studied  elsewhere.  Given  the  intensive 
management  this  plantation  has  received,  we 
believe  the  unimproved  stock  used  in  this 
study  has  grown  at  a  rate  close  to  the  maximum 
potential  rate  achievable  on  this  site. 
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INTERACTION  OF  NITROGEN  FERTILIZATION  AND  CHEMICAL  WEED  CONTROL 

ON  FOUR-YEAR  VOLUME  GROWTH  OF  A  BLACK  WALNUT  PLANTATION1 

P.  E.  Pope,  H.  A.  Holt,  and  W.  R.  Chaney2 


Abstract. — Four  year  height,  diameter  and  volume  growth 
of  a  16-year-old  (treated  at  age  12)  black  walnut  (Juglans 
nigra  L.)  plantation  was  significantly  influenced  by  N- 
fertilization  and  chemical  weed  control.   The  greatest 
four  year  cumulative  diameter  increment  (1.75  in.)  and 
total  volume  growth  .568  cu.  ft.)  occurred  on  trees 
fertilized  with  100  lbs.  nitrogen  per  acre  in  combination 
with  weed  control.   Weed  control  alone  resulted  in  a  38% 
increase  in  volume  growth  above  untreated  trees  after  four 
years  whereas  weed  control  in  conjunction  with  100  lbs. 
nitrogen  per  acre  produced  a  121%  increase  in  volume  growth. 
Changes  in  foliar  nitrogen  levels  corresponded  closely  with 
changes  in  volume  growth. 


INTRODUCTION 

Both  private  and  industrial  woodland 
owners  have  shown  increasing  interest  in 
planting  and  growing  black  walnut  (Juglans 
nigra  L.).   Expectations  of  high  return  on 
investment  are  certainly  a  stimulus  for  this 
activity.   Cultural  techniques  to  hasten 
growth  and  shorten  rotation  are  of  potential 
value.   Considerable  research  has  been  done 
on  genetic  improvement,  spacing  and  planting 
methods,  weed  control,  pruning,  and  fertiliza- 
tion, but  many  questions  still  remain  (Bey 
and  Williams,  1976;   Dickson,  1971;  Holt 
and  Voeller,  1975;  Krajicek,  1971,  1975; 
Krajicek  and  Williams,  1971;  Schlesinger  and 
Funk,  1977;  and  Williams,  1974).   This  paper 
reports  a  study  of  the  effect  of  nitrogen 
fertilization  and  chemical  weed  control  on 
growth  of  12-year-old  black  walnut  trees  for 
three  years  after  treatment.  Most  studies  on 
fertilization  have  dealt  with  the  response 
of  trees  to  nutrients  applied  at  the  time  of 


*Paper  presented  at  the  1981  Walnut 
Council  Meeting — Symposium,  Purdue  University, 
West  Lafayette,  Indiana,  Aug.  9-14,  1981. 

2Authors  are  Assistant,  Associate  and 
Professor,  Department  of  Forestry  and  Natural 
Resources,  Purdue  University,  West  Lafayette, 
Indiana  47907. 


planting.   The  intent  of  this  research  was  to 
ascertain  the  growth  response  to  nitrogen 
fertilization  and  weed  control  of  established, 
plantation  grown  black  walnut  trees. 


METHODS 

The  study  was  established  in  a  12-year- 
old  black  walnut  plantation  planted  in  Morgan 
County,  Indiana  in  the  spring  of  1965.   The 
trees  were  planted  at  11  x  11  ft.  spacing  on 
a  Martinsville  silt  loam  soil  (Typic  Haplu- 
dalfs,  fine-loamy,  mixed,  mesic) .   A  combina- 
tion of  nitrogen  fertilization  and/or  chemical 
weed  control  was  applied  to  one-half  of  the 
plantation  on  May  20  and  21,  1977.   The 
experiment  was  arranged  in  a  split  plot  with 
three  replications  of  each  treatment  and 
unequal  observations  per  replication.   Data 
were  analyzed  by  analysis  of  variance  (ANOVA) 
and  Duncan's  new  multiple  range  test.   Nitrogen 
treatments  constituted  the  whole  plot  (0.20 
acres)  and  chemical  weed  control  was  applied 
in  4  ft.  bands  down  either  side  of  the  planted 
rows  to  one-half  of  each  fertilized  plot  (0.04 
acres)  .   Nitrogen  as  urea  was  broadcast  by 
hand  at  rates  equivalent  to  0,  50,  or  100  lbs. 
of  elemental  nitrogen/acre.   Weed  control 
treatments  were  none  and  a  combination  of 
glyphosate  [N-(phosphonomethyl)glycine]  and 
simazine  [2-chloro-4 ,6-bis(ethylamino)-S- 
triazine] ,  each  at  4  lb.  ai/A  in  water.   To 
allow  for  border  trees,  18  trees  were  measured 
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in  each  replication  of  no  weed  control  treat- 
ments whereas  12  trees  were  measured  in  each 
replication  of  weed  control  treatments.   On 
May  1,  1977,  prior  to  treatment  application, 
trees  averaged  20  ft.  in  height  and  3.5  in. 
diameter  at  A. 5  ft.  above  the  ground  and  had 
a  per  acre  volume  of  283.53  ft3.   Total 
height  and  diameter  measurements  were  taken 
after  the  growing  season  for  each  of  four  years 
following  treatment.   These  parameters  were 
used  to  compute  volume  in  cubic  feet  and 
expressed  on  a  per  acre  basis  with  360  trees 
per  acre.   Volume  computation  utilized  an 
equation  developed  for  seedling  and  sapling 
black  walnut;  V  =  -2.86094  +  0.14366  /D^H+400 , 
where  V  =  total  stem  volume  in  cubic  feet,  D  = 
diameter  at  4.5  ft.  in  inches,  and  H  =  height 
in  feet  (Todhunter,  et  al.,  1979). 

Foliage  samples  were  collected  and 
analyzed  for  nitrogen  by  micro-kjeldahl 
distillation  (Wilde,  et  al. ,  1972)  prior  to 
treatment  and  in  mid-September  for  two  years 
following  treatment. 


RESULTS 

Average  annual  diameter  increments  and 
total  diameter  increment  over  4  years  are 
shown  in  Table  1.   Except  for  the  1979  growing 
season,  weed  control  alone,  without  nitrogen 
fertilization,  did  not  affect  diameter  growth. 
Likewise,  the  total  diameter  increment  for  the 
four  year  measurement  period  was  not  signifi- 
cantly greater  than  no  weed  control.   Weed 
control  in  conjunction  with  nitrogen  fertili- 
zation did  result  in  greater  diameter  growth 
over  the  four  year  measurement  period.   Except 
for  the  1980  growing  season,  trees  that 
received  nitrogen  and  weed  control  grew  more 


than  those  that  received  the  same  rate  of 
nitrogen  fertilization  but  no  chemical  weed 
control,  although  statistically  significant 
differences  at  a   =  0.05  were  evident  in  only 
two  of  the  treatment  combinations.   The  great- 
est increase  in  diameter  growth  occurred  on 
trees  fertilized  with  100  lbs.  nitrogen/acre 
with  chemical  weed  control.   These  trees 
increased  in  diameter  0.82  in.  more  than  the 
unfertilized  trees  with  no  weed  control.   For 
trees  receiving  no  chemical  weed  control, 
fertilization  with  urea  at  100  lbs/acre 
resulted  in  more  diameter  growth  than  attained 
by  trees  not  fertilized  or  those  receiving  50 
lbs.  nitrogen/acre.   The  differences  were 
greatest  for  the  1980  growing  season  and  the 
four  year  growth  accumulation.   Approximately 
50  to  65  percent  of  the  radial  increment  growth 
in  all  treatments,  including  the  control, 
occurred  in  1979  and  80,  three  and  four  years 
after  treatment  with  32-42  percent  occurring 
during  the  wet  1979  growing  season. 

The  data  for  1980  are  difficult  to  inter- 
pret.  The  diameter  growth  data  suggest  a 
decline  in  the  rate  of  incremental  growth, 
however,  the  severe  drought  during  the  1980 
growing  season  could  have  limited  the  growth 
that  would  have  been  attained  under  more  normal 
conditions . 

Chemical  weed  control  alone  did  not  affect 
the  height  growth  increment  of  the  12-year-old 
(presently  16-year-old)  black  walnut  trees 
(Table  2)  nor  did  nitrogen  fertilization  in  the 
absence  of  weed  control.   Trees  that  received 
100  lbs.  nitrogen/acre  and  chemical  weed 
control  had  a  significantly  greater  height 
growth  increment  in  1977,  1980  and  in  cumula- 
tive growth  for  the  four-year  period  than  trees 
in  plots  with  no  fertilizer  or  weed  control. 


Table  1. —  Influence  of  N-f ertilization  and  chemical  weed  control  on  the 
diameter  growth  increment  of  a  black  walnut  plantation. 


IT. 


Fertilizer 

Diameter 

Increment 

(in.) 

Rate 

v 

(lbs  N/A) 

Control 

'77 

*78 

'79 

'80 

Total 

0 

No 

0.21a17 

0.20a 

0.34a 

0.18a 

0.93a 

Yes 

0.21a 

0.33ab 

0.55b 

0.20a 

1.29ab 

50 

No 

0.25a 

0.18a 

0.48ab 

0.33b 

1.24ab 

Yes 

0.34b 

0.38b 

0.51ab 

0.28ab 

1.51b 

100 

No 

0.32ab 

0 . 30ab 

0.61b 

0.49c 

1.72c 

Yes 

0.36b 

0.37b 

0.63b 

0.39b 

1.75c 

Column  values  not  followed  by  the  same  letter  are  significantly  differ- 
ent (Duncan's  New  Multiple  Range  Test,  a  =  0.05). 
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Table  2. — Effect  of  N  fertilization  and  chemical  weed  control  on 
annual  incremental  height  growth  of  black  walnut. 


Fertilizer 

Weed 

Height 

Increment 

(ft.) 

Rate 

Year 

(lbs  N/A) 

Control 

'77 

'78 

'79 

•80 

Total 

0 

No 

2.2a^ 

0.8a 

2.0a 

1.3a 

6.6a 

Yes 

2.8a 

0.8a 

3.4ab 

0.9a 

7.9a 

50 

No 

3.0a 

1.3a 

1.4a 

2.8ab 

8.5ab 

Yes 

2.9a 

2.0a 

2.6ab 

3.6b 

ll.lOab 

100 

No 

3.2ab 

1.4a 

4.3b 

2.9ab 

11.80ab 

Yes 

4.5b 

2.1a 

3.8ab 

3.1b 

13.50b 

± 


Column  values  not  followed  by  the  same  letter  are  significantly 
different  (Duncan's  New  Multiple  Range  Test,  a  =  0.05). 


Volume  increase  of  black  walnut  per  acre 
during  the  four-year  study  period,  like  height 
and  diameter  growth,  was  unaffected  by  weed 
control  alone  (Table  3).   Generally,  per  acre 
volume  increment  increased  with  increasing 
levels  of  nitrogen  fertilization  and  weed 
control.   Fertilization  at  50  lbs.  nitrogen/ 
acre  with  weed  control  or  fertilization  at  100 
lbs.  nitrogen/acre  with  or  without  weed  control 
significantly  increased  volume  growth  over  that 
of  untreated  trees.   The  largest  volume 
increment  during  the  four-year  study  period 
occurred  on  trees  that  received  chemical  weed 
control  and  100  lbs.  nitrogen/acre.   This 
treatment  resulted  in  an  additional  311  ft3/ 
acre  when  compared  to  the  control  treatment 
receiving  no  fertilizer  or  weed  control. 


Increased  growth  response  in  the  high  nitrogen- 
weed  control  treatment  relative  to  high  nitro- 
gen and  no  weed  control  was  limited  to  the 
first  growing  season  following  treatment.   The 
increased  height  and  diameter  growth  combined 
with  the  multiplicative  characteristic  for 
volume  calculations  accounted  for  the  increased 
volume  of  wood  produced . 

No  differences  in  percent  foliar  nitrogen 
were  evident  in  leaves  collected  on  May  20, 
1977,  prior  to  treatment  application  (Table  4). 
At  the  end  of  the  first  growing  season, 
September  1977,  increased  foliar  nitrogen  was 
found  in  response  to  both  weed  control  and 
nitrogen  application.  Weed  control  alone 
resulted  in  increased  foliar  nitrogen  in  both 


Table  3. — Effect  of  weed  control  and  nitrogen  fertilization  applied  in  a  12- 
year-old  black  walnut  plantation  on  annual  and  cumulative  volume  growth. 


Fertilizer 

Weed 

Per  Acre 

Volume  Increment  (ft6) 

Rate 

Y( 

(lbs  N/A) 

Control 

'77 

'78 

'79 

•80 

Total 

0 

No 

eo^Sa-1^ 

39.87a 

78.50a 

78.28a 

256.93a 

Yes 

68.30a 

59.85ab 

134.46b 

91.89a 

354.49ab 

50 

No 

77.57ab 

43.52a 

97.31ab 

142.74b 

361.14ab 

Yes 

91.20b 

85.02b 

110.41ab 

169.89b 

456.52b 

100 

No 

92.02b 

63.64ab 

158.88c 

212.51c 

527.05c 

Yes 

117.01c 

84.82b 

154.76c 

211.31c 

567.90c 

-1  Column  values  not  followed  by  the  same  letter  are  significantly  different 
(Duncan's  New  Multiple  Range  Test,  a  =  0.05). 
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Table  4. — Percent  foliar  nitrogen  in  black 
walnut  in  relation  to  nitrogen  fertilization 
and  weed  control. 


Fertilizer 

Rate     Weed   Date 

(lbs  N/A)   Control  May  '77  Sept.  '77  Sept.  '78 


0 


50 


100 


No 
Yes 

No 
Yes 

No 
Yes 


2.36a1 
2.51a 

2.63a 
2.58a 

2.41a 
2.53a 


2.26a 
2.59b 

2.66bc 
2.95c 

2.49b 

2.84c 


2.48a 
2.85b 

2.91b 
3.42bc 

3.46bc 
3.61c 


1  Column  values  not  followed  by  the  same  letter 
are  significantly  different  (Duncan's  New 
Multiple  Range  Test,  P  <  .05). 


the  first  and  second  years  after  treatment. 
When  50  lbs.  nitrogen/acre  were  added  in 
conjunction  with  weed  control,  the  levels  of 
foliar  nitrogen  were  greater  than  that  of 
leaves  of  control  trees  at  the  end  of  the 
first  season.  When  compared  to  the  weed 
control  only  treatment,  weed  control  applied 
with  50  lbs.  nitrogen/acre  did  not  signifi- 
cantly increase  foliar  nitrogen  levels  in 
September,  1978.   At  the  end  of  the  first 
growing  season,  100  lbs.  nitrogen/acre  with 
weed  control  resulted  in  levels  of  foliar 
nitrogen  that  were  much  higher  than  control 
trees  and  this  difference  existed  for  two 
years  after  application. 


DISCUSSION 

Black  walnut  growth  response  to  nitrogen 
application  was  anticipated  based  on  results 
of  Phares  and  Finn  (1971).   They  predicted  no 
probable  growth  response  of  black  walnut 
trees  from  adding  nitrogen  when  foliar  level 
is  above  2.6  percent,  some  response  at  foliar 
levels  of  2.0  to  2.6  percent,  and  a  likely 
response  at  levels  below  2.0  percent  foliar 
nitrogen.   Foliar  nitrogen  levels  for  trees 
in  this  study  were  in  the  high  side  of  the 
medium  range,  about  2.4  to  2.6%  (Table  4). 
The  first  growing  season  after  nitrogen 
fertilization,  nitrogen  levels  increased  to 
a  point  where  no  additional  response  was 
expected  except  in  those  trees  that  did  not 
receive  weed  control.   This  study  clearly 
shows  that  weeds  are  very  competitive  sinks 
for  available  nitrogen.  Weed  control 
treatments  alone  resulted  in  significant 


increases  in  tree  foliar  nitrogen  levels. 
Nitrogen  application  increased  foliar  nitrogen 
levels  above  that  of  unfertilized  trees  around 
which  weeds  were  controlled  only  when  done  in 
conjunction  with  weed  control.   Fertilization 
without  weed  control  was  no  more  effective 
than  weed  control  alone  at  the  end  of  the  first 
growing  season.   The  benefits  of  50  lbs. 
nitrogen/acre  and  weed  control  were  lost  in  the 
second  year  after  treatment.   This  was  due  to 
the  reestablishment  of  competing  weeds  on  the 
weed  control  plots  in  the  second  year.  On  the 
plots  that  received  100  lbs.  nitrogen/acre, 
luxuriant  amounts  of  nitrogen  were  apparently 
still  available  for  both  weeds  and  trees  during 
the  second  growing  season. 

The  increased  levels  of  foliar  nitrogen 
in  response  to  treatments  relate  closely  to 
the  volume  growth  increments  that  were  found. 
These  results  support  the  suggestion  by  Russell 
(1961)  that  nitrogen  generally  affects  leaf 
area  of  plants  and  that  over  a  considerable 
range  of  nitrogen  supply  the  amount  of  leaf 
area  available  for  photosynthesis  in  propor- 
tional to  the  nitrogen  applied.   Ellis  and  von 
Althen  (1973)  who  worked  with  30  to  85-year- 
old  natural  stands  of  several  hardwood  trees 
in  southern  Ontario  also  concluded  that  nitro- 
genous fertilizer  increased  diameter  growth 
through  increased  leaf  area. 

Nitrogen  fertilization  of  established 
trees  does  not  always  produce  increased 
growth.   A  40-year-old  stand  of  black  walnut 
in  southern  Wisconsin  on  an  upland  site  did 
not  show  a  significant  increase  in  diameter 
growth  when  fertilized  with  500  lbs/acre  of 
elemental  nitrogen  as  ammonium  nitrate.   The 
same  rate  of  nitrogen  application  on  a  fertile 
bottomland  site  reduced  the  rate  of  diameter 
growth  below  that  of  unfertilized  trees 
(Maeglin,  et  al.,  1977).   Phares2  (unpublished 
data)  found  a  similar  retardation  of  black 
walnut  growth  in  Indiana.   Trees  of  a  60  to 
80-year-old  stand  growing  on  a  fertile  bottom- 
land site  grew  less  when  fertilized  with 
nitrogen  than  trees  not  fertilized.   Neverthe- 
less, Schlesinger  and  Funk  (1977)  stated  that 
fertilization  of  pole-size  trees  is  likely  to 
provide  the  best  economic  returns  and  that 
nitrogen  is  the  most  promising  nutrient  to 
apply.   They  suggested  that  it  may  be  neces- 
sary to  refertilize  approximately  every  5  yearn 
to  maintain  growth  stimulation.   They  also 


2Robert  E.  Phares.   USDA  Forest  Service,  North 
Central  Forest  Experiment  Station,  Carbondale, 
Illinois. 
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emphasize  that  fertilization  should  be 
considered  a  supplement  to  other  cultural 
practices,  and  cannot  be  expected  to  compen- 
sate for  other  limiting  factors  such  as  light 
and  moisture.   The  results  of  the  present 
study  reinforce  these  observations  since 
nitrogen  was  found  to  significantly  increase 
diameter,  height,  and  volume  growth  of  small 
pole-size  trees  and  was  most  effective  when 
done  in  combination  with  weed  control. 


Krajicek,  J.  E.   1975.   Planted  black  walnut 
does  well  on  cleared  forest  sites  —  if 
competition  is  controlled.   USDA  Forest 
Service  Res.  Note,  North  Central  For.  Exp. 
Sta.  No.  NC-192. 

Krajicek,  J.  E.  and  R.  D.  Williams.   1971. 
Continuing  weed  control  benefits  young 
planted  black  walnut.   USDA  Forest  Service 
Res.  Note,  North  Central  For.  Exp.  Sta.  No. 
NC-122. 


CONCLUSIONS 

For  the  specific  conditions  of  this 
study,  significant  increases  in  volume  growth 
of  a  young  black  walnut  plantation  can  be 
achieved  by  fertilizing  with  100  lbs/acre 
nitrogen.   The  largest  volume  increase  was 
recorded  for  plantations  fertilized  with  100 
lb/acre  N,  plus  weed  control.   While 
fertilization  with  50  lb/acre  N  and/or  weed 
control  improve  volume  growth  over  the 
unfertilized  control  these  growth  differences 
were  not  significantly  different. 
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EFFECTS  OF  SELECTED  COVER  CROPS  ON  THE  GROWTH  OF  BLACK  WALNUT 
P.  L.  Roth  and  R.  J.  Mitchell 


Abstract. — This  study  was  initiated  to  investigate  the 
effects  of  selected  cover  crops  on  the  growth  of  black 
walnut  (Juglans  nigra  L.).   The  cover  crops  tested  were: 
Poa  pratensis  L. ,  Lolium  multif lorum  L. ,  Phleum  pratense  L. , 
Festuca  arundinacea  Schreb. ,   Trifolium  repens  L. ,  Lespedeza 
stipulacea  Maxim. ,  Melilotus  officinalis  (L.)  Lam., 
Lespedeza  cuneata  Dumont  Maxim,  and  a  clean-cultivated  con- 
trol.  Cover  crops  significantly  affected  the  height  and 
caliper  growth  of  black  walnut  throughout  the  study  period. 
Black  walnut  grown  in  clean-cultivated  plots  exhibited 
superior  height  and  diameter.   Within  cover  crop  treatments, 
the  height  and  caliper  growth  of  black  walnut  grown  with 
Lespedeza  cuneata  was  the  greatest  while  walnut  grown  in 
association  with  Festuca  arundinacea  showed  the  poorest 
growth. 

Additional  Keywords. — Height  growth,  caliper  growth, 
cover  crop,  Juglans  nigra 


INTRODUCTION 


Black  walnut  (Julans  nigra  L.)  is  the 


most  valuable  of  nativ 
Accelerated  reduction 
of  quality  black  walnu 
creasing  demands  place 
have  resulted  in  escal 
logs  and  standing  timb 
Smith  1974).  If  this 
walnut  lumber  and  vene 
ated,  methods  oriented 
management  of  this  spe 
gated. 


e  American  woods, 
in  the  growing  stock 
t,  coupled  with  in- 
d  upon  the  resource, 
ating  prices  for  both 
er  (Callahan  and 
shortage  of  black 
er  is  to  be  allevi- 

toward  the  intensive 
cies  must  be  investi- 


For  continued  good  growth,  walnut  trees 
require  deep,  well  drained,  loamy  soils 
(Losche  1973).   Such  sites  normally  have  the 
potential  to  produce  agronomic  crops  such  as 
corn,  soybeans  and  forage  crops.   Combining 
the  management  of  forage  crops  with  black 
walnut  allows  a  landowner  to  produce  short 
term  returns  to  supplement  income,  until  nut 
and  wood  crops  can  be  realized. 

A  number  of  articles  have  suggested 
that  this  type  of  "multicropping"  management 
is  economically  sound  (Garrett  £t  a^L.  1976, 
Callahan  and  Smith  1974),  although  it  is 
warned  that  the  data  used  for  the  economic 
analysis  are  "incomplete  and  slightly 
speculative"  (Callahan  and  Smith  1974). 
This  study  was  initiated  to  provide  data 
pertaining  to  the  growth  response  of  black 


walnut  grown  in  association  with  selected 
forage  cover  crops. 


EXPERIMENTAL  METHODS 

Site  Description 

The  experimental  site  was  located  at 
the  Forest  Tree  Improvement  Center  two  miles 
west  of  Carbondale,  Illinois.   The  soil  is 
classified  as  a  Hosmer  Silt  Loam,  a  light 
colored  forest  soil,  developed  from  loessal 
parent  material.   The  soil  has  a  fragipan  at 
a  depth  of  0.6  m  which  restricts  root  depth 
and  the  movement  of  air  and  water. 

Cover  Crop  Establishment 

The  cover  crops  consisted  of:  two  short 
grasses,  Kentucky  bluegrass  (Poa  pratensis 
L.)  and  annual  ryegrass  (Lolium  multiflorum 
L.);  two  tall  grasses,  timothy  (Phleum 
pratense  L.)  and  tall  fescue  (Festuca 
arundinacea  Schreb.);  two  short  legumes, 
white  clover  (Trifolium  repens  L.)  and  com- 
mon lespedeza  (Lespedeza  officinalis  (L.) 
Lam.)  and  sericea  lespedeza  (Lespedeza 
cuneata  Dumont  Maxim.).   The  control  treat- 
ment was  clean-cultivated  throughout  the 
growing  season.   In  the  fall  of  1973  the 
cover  crops  were  hand  sown  at  locally 
recommended  agronomic  rates.   In  the  spring 
of  1974  any  areas  that  did  not  establish 
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were  resown  to  establish  100%  cover  of  the 
specific  crop  in  each  plot. 

Black  Walnut  Establishment 

Seed  for  the  study  was  collected  in  the 
fall  of  1973.   Parent  trees  were  located 
within  a  ten-mile  radius  of  Carbondale, 
Illinois.   No  standards  of  quality  were  set 
for  the  parent  trees;  however,  all  trees 
were  judged  to  be  of  average  quality  as 
standing  saw  timber.   Walnut  seeds  were 
pregerminated  and  planted  in  the  spring  of 
1974.   Seeds  were  planted  on  0.9  x  1.5  m 
initial  spacing.   At  the  end  of  the  1974  and 
1979  growing  season  trees  were  removed  for 
root/shoot  ratio  determination  so  that  final 
spacing  was  1.8  x  1.5  m. 

Experimental  Design 

The  plantation  was  established  as  a 
split-split  plot  factorial  design  with  ten 
replications.   These  replications  were  put 
in  a  series  of  five  blocks.   Each  replica- 
tion was  28.7  m  wide  by  19.2  m  long,  and 
contained  nine  randomly  located  treatments. 
The  treatments  were  eight  cover  crop  species 
plus  a  control  that  was  kept  free  of  vege- 
tation through  clean-cultivation.   Each 
treatment  was  1.5  m  wide  by  19.2  m  long.   On 
five  randomly  selected  replications  (one  per 
block) ,  the  cover  crops  were  mowed  at  three- 
week  intervals  during  the  growing  season. 
On  the  remaining  five  replications,  the 
cover  crops  were  allowed  to  grow  undis- 
turbed. 

Data  Collection 

Height  and  caliper  (10  cm  above  ground 
line)  measurements  were  recorded  at  the  end 
of  the  1974,  1978,  and  1979  growing  seasons. 
In  late  June,  1979  a  team  of  four  investi- 
gators optically  estimated  the  percent  cover 
by  forage  species  in  each  treatment. 

Data  Analysis 

The  data  were  analyzed  to  detect  signi- 
ficant differences  by  analysis  of  variance. 
If  significant  differences  were  present, 
Duncan's  Multiple  Range  Comparison  test  was 
employed  to  perform  multiple  comparison 
among  the  treatments.   The  significance 
level  was  set  at  alpha  =  0.05  for  all 
statistical  tests. 


RESULTS  AND  DISCUSSION 

Cover  Crop  Assessment 

Species  of  cover  crops  varied  greatly 
in  their  ability  to  maintain  themselves  in 
association  with  black  walnut  over  the  six 
year  study  period.   The  degree  of  compati- 
bility of  the  eight  species  to  the  mowing 
treatment  also  varied  (Table  1).   Kentucky 
bluegrass  and  tall  fescue  were  the  grasses 
that  showed  the  greatest  compatibility  with 
black  walnut.   Kentucky  bluegrass  (a  short 
grass)  maintained  itself  substantially 
better  under  the  influence  of  the  mowing 
while  all  other  crop  species  were  less 
abundant  in  the  mowed  replications. 
Apparently,  the  low  growing  morphology 
resulted  in  a  competitive  advantage  for 
Kentucky  bluegrass  when  mowing  occurred. 
Tall  fescue  maintained  itself  well  in  both 
the  mowed  and  the  unmowed  condition,  and  was 
the  major  invader  in  plots  sowed  to  other 
crop  species.   Timothy  and  annual  ryegrass 
were  essentially  eliminated  from  the  planta- 
tion by  stand  age  six.   This  may  have  been 
due  to  the  susceptibility  to  juglone  or  the 
inability  to  compete  with  the  aggressive 
fescue  sod.   Sericea  lespedeza  was  the  only 
legume  that  maintained  itself  well  in  the 
unmowed  plots.   In  the  mowed  plots  it 
appeared  to  be  more  susceptible  to  compe- 
tition, especially  from  tall  fescue.   Sweet 
clover,  white  clover,  and  common  lespedeza 
were  unable  to  maintain  themselves  through 
the  study  period. 

Height  and  Caliper  Growth 

Significant  differences  in  mean  height 
growth  of  black  walnut  trees  associated  with 
the  various  cover  crop  treatments  were 
observed  throughput  the  study  (Table  2). 
After  the  1974  growing  season  black  walnut 
trees  growing  on  the  clean  cultivated  plots 
showed  superior  growth  relative  to  the  other 
cover  treatments.   Differences  in  height  of 
black  walnut  among  cover  crop  treatments 
after  the  first  growing  season  were  small, 
although  some  trends  may  be  discerned. 
Timothy,  white  clover,  sweet  clover,  common 
lespedeza  and  annual  ryegrass  tended  to  com- 
pete less  with  black  walnut  than  did  sericea 
lespedeza,  Kentucky  bluegrass  and  tall 
fescue.   Differences  in  height  growth  were 
accentuated  by  the  end  of  the  1978  growing 
season,  with  trees  grown  in  association  with 
annual  rye  exhibiting  a  slowing  of  height 
growth  and  black  walnut  grown  in  sericea 
lespedeza  showing  accelerated  mean  height 
development.   This  reduction  in  growth  of 
black  walnut  in  annual  ryegrass  plots  may 
have  been  due  to  the  failure  of  annual  rye 
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Table  1. — Cover  crop  percentage  of  relative  cover  in  1979,  six  years  after  seeding 


Kentucky 
blue- 

Annual 
rye- 

Tall 

White 

Sericea 

Sweet 

Common 

Cover  Crop 

grass 

grass 

Timothy 

fescue 

clover 

lespedeza 

clover 

lespedeza 

Percentage  of 

Relative 

Cover 

Kentucky  bluegrass 

29.5 

8.3 

7.5 

5.3 

6.5 

_ 

4.3 

8.8 

Annual  ryegrass 

Timothy 

Tall  fescue 

44.5 

0.5 
51.6 

1.5 
63.0 

70.0 

72.3 

5.3 

0.3 
49.0 

57.0 

White  clover 
Sericea  lespedeza 

1.7 

_ 

0.5 

7.5 

1.8 

87.0 

2.0 

1.0 

Sweet  clover 
Common  lespedeza 

1.5 

_ 

0.5 

0.3 

1.5 

- 

8.0 

3.0 

Invading  weedy 
species 

22.8 

39.7 

27.0 

16.9 

17.9 

7.7 

36.4 

30.2 

Kentucky  bluegrass 

53.6 

9.3 

9.8 

14.5 

4.8 

8.2 

15.5 

8.8 

Annual  ryegrass 
Timothy 
Tall  fescue 
White  clover 
Sericea  lespedeza 

27.2 

0.3 
69.8 

59.5 
1.0 

66.5 

68.0 
1.0 

36.0 
31.8 

44.8 
10.0 

57.0 
3.0 
1.0 

Sweet  clover 
Common  lespedeza 

— 

1.5 

2.3 

0.8 

3.0 

0.5 

5.5 

- 

Invading  weedy 
species 

19.2 

19.3 

27.4 

18.2 

23.2 

23.5 

24.2 

30.2 

Table  2. — Height  and  caliper  growth  of  black  walnut  intercropped  with  eight 
forage  species  and  grown  under  clean  cultivation 


1974 

1978 

] 

1979 

Height 

Caliper 

Height 

Caliper 

Height 

Caliper 

Cover  Crop 

(cm 

) 

(mm) 

(cm) 

(mm) 

(cm) 

(mm) 

Kentucky  bluegrass 

20. 41 

c 

2.3 

c 

73.6   cd 

14.5 

cd 

96.7 

cd 

21.1   b 

Annual  ryegrass 

21.6 

be 

2.3 

c 

74.2   c 

12.4 

d 

83.5 

d 

15.8   c 

Timothy 

24.0 

b 

2.6 

b 

95.9  b 

17.8 

be 

115.4 

be 

22.9  b 

Tall  fescue 

20.2 

c 

2.2 

c 

63.7    d 

10.6 

d 

81.4 

d 

15.8   c 

White  clover 

22.6 

be 

2.7 

b 

104.7  a 

20.3 

b 

121.8 

b 

26.3  b 

Common  lespedeza 

21.9 

be 

2.3 

c 

102.0  b 

17.9 

be 

116.0 

be 

23.8  b 

Sweet  clover 

22.6 

c 

2.3 

c 

102.8  b 

19.0 

be 

119.5 

b 

24.8  b 

Sericea  lespedeza 

21.0 

c 

2.2 

c 

91.4  be 

17.2 

be 

112.3 

b 

23.5  b 

Control 

30.7 

a 

3.9 

a 

123.2  a 

26.0 

a 

148.2 

a 

35.2  a 

Each  number  followed  by  a  common  letter  (a,  b,  c,  d)  is  not  significantly  different  at  the 
P  =  0.05  confidence  level. 
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and  the  subsequent  invasion  of  tall  fescue 
observed  in  1974.   The  clean  cultivated 
control  outperformed  all  other  treatments 
during  the  1978  and  1979  growing  season. 
As  a  group,  black  walnut  grown  with  sericea 
lespedeza,  white  clover,  sweet  clover, 
common  lespedeza  and  timothy  treatments 
performed  better  than  walnut  grown  with 
Kentucky  bluegrass,  annual  ryegrass,  and 
tall  fescue.   The  stunting  of  the  growth  of 
black  walnut  when  grown  in  association  with 
fescue  that  was  observed  in  this  study,  and 
in  a  study  by  Todhunter  and  Beineke  (1979), 
may  be  due  to  competition  for  mineral 
nutrients  and  water,  or  to  an  allelopathic 
reaction.   Walters  and  Gilmore  (1976)  found 
that  fescue  suppressed  the  growth  of  sweet 
gum  (Liquidambar  styracif lua  L.)  through  an 
allelopathic  mechanism. 

Mowing  had  no  significant  effect  on 
height  or  diameter  growth  of  black  walnut. 
Although  mowing  did  affect  the  ability  of 
forage  crops  to  maintain  themselves  through- 
out the  study  period  (Table  1). 

Data  presented  in  Table  2  on  caliper 
growth  of  black  walnut  show  relationships 
similar  to  those  observed  in  height  growth. 
Clean  cultivation  resulted  in  superior  cali- 
per growth  of  black  walnut  throughout  the 
study.   The  caliper  growth  of  walnut  associ- 
ated with  sericea  lespedeza  was  initially 
retarded  followed  by  a  more  rapid  growth  in 
the  later  stages  of  the  study.   Caliper 
growth  of  trees  associated  with  fescue  was 
the  lowest  of  the  cover  crop  treatments. 

Biological  and  Managerial  Considerations 

The  results  of  this  study  show  signifi- 
cant differences  in  height  and  caliper 
growth  of  walnut  among  cover  crop  treat- 
ments.  Although  growth  rates  of  black  wal- 
nut in  the  clean-cultivated  control  treat- 
ment were  superior,  the  energy  necessary  to 
maintain  this  condition  and  the  potential 
for  accelerated  erosion  would  render  this 
alternative  less  than  desirable  for  pro- 
longed time  periods  in  most  management 
situations.   Sericea  lespedeza  was  able  to 
maintain  itself  well  when  grown  in  associa- 
tion with  black  walnut  and  walnut  seedlings 
exhibited  their  greatest  growth  when  associ- 
ated with  this  forage  species,  relative  to 
the  other  cover  crop  species.   It  is  sus- 
pected that  the  early  retardation  of  growth 
of  black  walnut  when  grown  in  association 
with  sericea  lespedeza  could  be  eliminated 
by  clean-cultivation  during  the  first  few 
years,  allowing  the  walnut  trees  to  grow  to 
a  height  above  that  which  the  sericea 
lespedeza  would  reach  (0.9  m) ,  followed  by 


seeding  with  sericea  lespedeza.   If  the 
plantation  is  subject  to  moderate  to  high 
erosion  potential  the  manager  could  keep  an 
area  (1  m  diameter  minimum)  around  the 
seedlings  free  of  vegetation  and  seed  with 
sericea  lespedeza  at  the  time  of  plantation 
establishments.   Tall  fescue  tended  to 
retard  the  growth  of  black  walnut, 
subsequently  it  is  not  recommended  as  a 
cover  crop  in  black  walnut  plantations 
during  the  early  etablishment  period. 

White  clover  and  sweet  clover  were  un- 
able to  compete  with  the  invading  tall 
fescue.   Fertilization  and  liming  to  adjust 
the  fertility  of  the  site  to  a  more  optimum 
level  may  have  resulted  in  the  clovers  es- 
tablishing and  maintaining  themselves, 
although  more  research  is  necessary  before 
this  species  can  be  recommended  for  inter- 
cropping with  black  walnut. 
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BLACK  WALNUT  SEED:   FROM  TREE  TO  SEEDLING"1 
Robert  D.  Williams2 


Abstract — Recommendations  are  given  for  col- 
lecting seeds.   Germination  of  unhulled  nuts 
are  compared  with  nuts  hulled  in  large  and 
small  capacity  hullers.   Seed  testing  methods, 
including  X-ray,  are  discussed;  the  importance 
of,  as  well  as  how  to  determine,  seed  moisture 
content  is  shown.   Results  from  recent  seed 
storage  and  stratification  trials  are  pre- 
sented. 

Hog  farmers  brag  that  their  consumers  use 
everything  but  the  squeal.   Black  walnut 
growers  can  be  just  as  proud.   They  market  the 
stem,  root,  and  limb  wood  of  walnut  for  veneer, 
lumber,  and  speciality  products;  the  walnut 
kernels  are  food  for  man  and  animal.   The  wal- 
nut shells  are  used  as  abrasives  for  deburring, 
cleaning,  and  polishing;  as  additives  in  oil 
well  drilling  mud;  and  as  filtering  agents  in 
smokestack  scrubbers. 3  But  the  most  important 
use  of  the  nut  is  its  role  as  seed,  to  perpet- 
uate the  species.   Squirrels  eat  much  seed,  but 
they  are  also  responsible  for  most  of  the  nat- 
ural reproduction  of  walnut  through  forgotten 
or  unused  food  caches.   Humans,  too,  consume 
some  seed  as  food,  but  they  also  collect  tons 
of  seed  each  year  (when  it  is  available)  for 
direct  seeding  or  for  producing  seedlings  at 
nurseries. 


SEED  COLLECTION 

Some  basic  principles  to  remember  when 
collecting  walnut  seed  are: 

1.  Collect  seed  up  to  150  miles  south  of 
the  planting  site  (Bey  1980)  or  use 
the  seed  collection  zones  recommended 
by  Deneke  et  al.  (1980) . 

2.  Keep  records  on  the  performance  of 
progeny  from  individual  seed  trees. 
Seed  and  seedlings  from  local  stands 
may  perform  very  differently. 


1-Paper  presented  at  the  joint  meeting  of 
the  Northern  Nut  Growers  Association  and  the 
Walnut  Council.   Purdue  University,  West 
Lafayette,  IN,  August  13,  1981. 

2Robert  D.  Williams,  Principal 
Silviculturist,  North  Central  For.  Exp.  Stn., 
Bedford,  IN. 


3.  Choose  straight,  vigorous  seed  trees 
to  increase  chances  of  straight, 
vigorous  progeny. 

4.  Collect  after  the  husk  begins  to  turn 
color. 

5.  Place  collected  nuts  in  porous  bags  to 
prevent  heat  buildup.   Heat  destroys 
the  viability  of  the  seed. 

6.  Keep  seed  as  cool  as  possible  until  it 
is  hulled,   Hulling  is  not  essential 
unless  the  seed  is  to  be  tested. 

7.  Don't  waste  time  collecting  seed  from 
poor  seed  chances.   Concentrate  your 
efforts  where  seed  is  plentiful. 
Seed  crops  can  be  estimated  by 
counting  the  number  of  trees  that  have 
seed  in  a  sample  of  10,  and  by  - 
counting  the  number  of  nuts  per  clus- 
ter.  If  7  of  the  10  trees  have  1  nut 
per  cluster  or  if  5  of  the  10  trees 
have  2  or  more  nuts  per  cluster,  there 
will  be  an  average  seed  crop.   If  7 

or  more  of  the  10  trees  have  2  or 
more  nuts  per  cluster,  there  will  be 
a  heavy  crop. 3  Before  collecting  nuts, 
crack  a  few  from  each  tree.   If  fewer 
than  6  of  10  nuts  from  a  tree  have 
good  kernels,  don't  collect  from  that 
tree. 


HULLING 

Walnut  seed  should  be  hulled  to  perform 
the  float  and  X-ray  tests,  to  facilitate  me- 
chanical sowing,  and  to  reduce  bulk  for  seed 
stratification  or  storage.   Seed  may  be  hulled 
by  hand  or  by  mechanical  huller. 

Some  hullers  damage  the  germinative  ca- 
pacity of  the  seed.   The  nuts  are  forced  up 


^Personal  communication  with  Gus  Rutledge, 
1981.   Hammons  Products  Company,  Stockton, 
MO. 
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against  a  metal  grill  which  rubs  off  the  hull, 
or  they  are  flailed  with  chains  to  break  and 
loosen  the  hulls.   Probably  the  net  effect  on 
the  seed  is  influenced,  too,  by  the  quantity  of 
seed  in  the  huller  at  a  given  time.   The  fewer 
the  seed  the  more  punishment  they  take  and  the 
greater  the  probability  that  the  seed  will  be 
damaged  and  not  germinate. 

We  conducted  a  study  to  determine  whether 
either  of  the  two  hullers  we  used  might  destroy 
the  germinative  capacity  of  the  seed.   Our 
tests  were  conducted  with  small  seedlots,  which 
probably  biased  our  findings  in  favor  of  the 
small  huller.   Because  unhulled  seed  floats 
and  unhulled  seed  was  one  of  our  variables, 
none  of  the  seed  was  float  tested.   All  seed 
was  fall  sown.   Germination  was  48  percent  for 
unhulled  seed,  60  percent  for  seed  hulled  in 
the  small  huller,  and  25  percent  for  seed 
hulled  in  the  big  huller. ^  Although  mechanical 
hullers  may  reduce  germination,  I  believe  ger- 
mination of  seed  hulled  in  the  big  huller 
would  have  been  higher  if  the  huller  had  been 
run  at  normal  capacity.   Also,  the  float  test 
will  eliminate  most  of  the  bad  seed,  and  hulled 
and  float-tested  seed  will  germinate  more  com- 
pletely than  unhulled  seed. 


SEED  TESTING 

To  estimate  the  number  of  seedlings  that 
will  be  produced,  any  sower  should  know  what 
portion  of  his  seed  has  the  potential  to  ger- 
minate.  Unfortunately,  short  of  germinating 
the  seed,  only  an  estimate  of  germinative 
capacity  is  available.   Walnut  seed  requires  a 
minimum  of  90  days'  stratification,  so  ger- 
mination tests  take  too  long  to  be  useful  to 
anyone  sowing  seed  in  the  fall,  immediately 
after  collection.   In  addition  to  the  germi- 
nation test,  two  standard  tests  and  one  rel- 
atively new  test  estimate  seed  viability: 
(1)  the  float  test,  (2)  the  cracking  test,  and 
(3)  X-ray. 

The  float  test  separates  filled  from 
unfilled  seed  when  hulled  seed  is  placed  in 
water.   Air  spaces  in  the  unfilled  seed  cause 
it  to  float,  while  the  filled,  good  seed  sinks. 
To  be  effective,  the  float  test  should  be 
conducted  within  3  days  after  the  seed  is 
hulled.   If  too  dry,  even  good  seed  will  float. 


The  cracking  test  is  the  cracking  of  a 
randomly  drawn  number  of  seeds  to  examine  their 
kernels.   The  viability  of  a  seedlot  is  esti- 
mated by  determining  the  percentage  of  seed 
filled  with  firm,  well-developed,  white  endo- 
sperm.  Bad  seed  contain  distinctly  shriveled 
kernels,  or  the  kernels  may  be  buff  or  tan,  and 
some  may  give  off  a  rancid  odor.   Some  bad 
kernels  may  be  watery  or  be  filled  with  a  thick, 
clear,  or  milky  oozing  liquid  and  give  off  a 
foul  odor. 

X-raying  seed  is  a  useful  and  relatively 
new  method  to  determine  more  precisely  the 
quality  of  the  seed.   Every  seed  is  X-rayed  and 
those  seeds  that  do  not  show  a  filled  seed  cav- 
ity with  well-defined  outlines  of  the  seed 
kernel  on  the  radiograph  are  discarded.   X-raying 
walnut  seed  is  laborious,  the  film  and  pro- 
cessing are  expensive,  and  the  radiologist  must 
be  a  skilled  technician  to  improve  over  the 
results  of  the  float  test.   For  example,  in  one 
of  our  first  X-ray  studies,  germination  was  64 
percent  for  unhulled  seed,  60  percent  for 
hulled,  72  percent  for  hulled  and  floated,  and 
74  percent  for  hulled,  floated,  and  X-rayed 
seed.   In  a  later  study,  which  contained  10 
seed  sources,  germination  was  70  percent  for 
unhuj.led  seed,  69  percent  for  hulled,  80  percent 
for  hulled  and  floated,  and  75  percent  for 
hulled,  floated  and  X-rayed  seed.   Germination 
for  the  ten  seed  sources  ranged  from  53  to  86 
percent .4 

Both  the  float  test  and  the  X-ray  test  must 
be  done  soon  after  the  seed  is  hulled.   If 
allowed  to  dry  longer  than  3  days,  much  of  the 
seed  will  float  and  the  air  pockets,  which  are 
one  indication  of  bad  seed,  will  show  up  on  the 
radiographs.   In  one  trial,  after  8  days  of 
drying,  the  float  test  indicated  that  all  seed 
in  some  sources  were  bad.   According  to  X-ray 
and  cracking  tests  done  on  the  same  seed  sam- 
ples, X-ray  showed  that  83  percent  of  the  seed 
was  good  and  the  cracking  test  showed  that  89 
percent  was  good.^ 

The  ability  of  the  radiologist  to  separate 
good  from  bad  seed  varies  by  seed  source  and 
drying  time.   Some  seed  sources  are  more  photo- 
genic than  others  and  radiographs  are  more 
easily  discernible.   If  dried  too  long,  air 
pockets  appear  in  radiographs  of  good  seed 
causing  them  to  appear  bad.   After  28  days 
of  drying,  all  seed  appeared  bad  on  the  radio- 
graphs . 


SEED  GERMINATION 


4Data  on  file  at  Bedford,  IN. 


Black  walnut  seed  is  dormant  when  it  falls 
from  the  tree,  and  must  be  stratified  before 
it  will  germinate.   In  temperate  climates,  such 
as  Indiana,  overwintering  in  the  seedbed,  after 
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fall  sowing,  usually  satisfies  the  seed's 
requirement  for  stratification  and  the  seed 
germinates  normally  the  following  spring.   Some- 
times, however,  seed  does  not  germinate  until 
after  two  winters  in  the  seedbed.   Second-year 
germination  has  been  observed  in  nursery  seed- 
beds and  by  those  direct  seeding  the  nuts  in 
the  field.   Seed  source  plays  an  important 
role  in  stratification,  so  some  of  the  northern 
seed  sources  might  not  germinate  promptly  or 
completely  if  fall-sown  in  southern  nurseries 
without  prior  cold  room  stratification. 

There  are  three  primary  methods  of  strat- 
ification.  In  addition  to  fall  sowing,  a 
natural  stratification  of  the  seed,  we  have 
used  cold  stratification  and  pit  stratification. 
Our  cold  stratification  was  a  cold  storage  room 
at  the  Vallonia  Nursery  with  a  temperature  of 
37°  F.   Hulled  seed  was  dipped  in  water,  allowed 
to  drain  up  to  15  minutes,  placed  in  4  mil 
plastic  bags,  and  closed  with  a  wire  tie  before 
being  placed  in  the  cold  room. 

Pit  stratification  was  accomplished  by 
placing  hulled  seed  in  pits  about  3  feet  deep. 
In  normal  stratification,  alternate  layers  of 
seed  and  about  2  inches  of  sand  would  be  built 
up  to  within  6  inches  of  the  soil  surface. 

Fall-sown  seed  usually  germinates  more 
promptly  and  more  completely  than  either  cold- 
or  pit-stratified  seed.   In  a  study  involving 
10  seed  sources,  germination  of  fall-sown  seed 
was  63  percent;  germination  of  cold-  and  pit- 
stratified  seed  was  58  percent  and  52  percent, 
respectively. 4  Germination  by  seed  source 
ranged  from  43  to  71  percent.   In  another  study 
germination  was  46  percent  for  fall-sown  seed, 
42  percent  for  cold-,  and  28  percent  for  pit- 
stratified  seed. ^  Because  fall-sown  seed  ger- 
minates sooner  in  the  spring,  the  1-year-old 
seedlings  are  usually  larger  than  those  from 
spring-sown  stratified  seed. 

Length  of  stratification  is  important, 
especially  for  greenhouse  work  or  for  seed 
preparation  for  spring  sowing.   All  seed 
sources  that  we  tried  required  at  least  60 
days  in  cold  stratification.   However,  most 
seed  sources  germinate  more  completely  after 
90  days'  stratification,  and  seed  germinates 
most  promptly  after  120  days  in  stratification.^ 


MOISTURE  CONTENT 

Moisture  content  plays  an  important  role 
in  the  behavior  of  black  walnut  seed.   Seed 
moisture  content  must  be  reduced  for  cold 
storage,  and  dried  seed  must  imbibe  water  before 
it  will  germinate.   For  example,  44  percent  of 
presoaked  seed  with  previously  reduced  moisture 
content  germinated,  but  only  29  percent  of  non- 


soaked  seed  germinated.   Seed  moisture  content 
differs  by  seed  source,  too.   For  example, 
after  14  days  of  drying,  moisture  content  of 
one  seed  source  was  reduced  by  8  percent  while 
moisture  content  of  another  was  reduced  26 
percent .^ 

Moisture  content  is  easy  to  determine. 
First,  weigh  a  sample  of  5  nuts  and  a  cloth 
bag  large  enough  to  hold  the  nuts;  crack  the 
nuts  and  place  all  pieces  in  the  bag;  place  the 
bag  of  nuts  in  an  oven  preheated  to  103°  C; 
leave  in  the  oven  for  16  hours,  then  take  out 
and  reweigh  (Bonner  1980) .   The  formula  for 
percent  moisture  content  is: 

M.C.  =  wet  weight  -  oven  dry  weight  x  100 
wet  weight 

To  store  nuts  in  a  home  refrigerator  at 
about  40°  F,  moisture  content  should  be  re- 
duced to  about  30  percent.   To  store  nuts  in  a 
home  freezer  where  the  temperature  is  about 
0°  F,  seed  moisture  content  should  be  reduced 
to  about  17  percent  (Williams  1971). 


SEED  STORAGE 

Reliable,  inexpensive  seed  storage  tech- 
niques are  needed  for  large  seed  quantities. 
Bumper  seed  crops  occur  locally  in  some  years, 
but  in  other  years  no  seed  is  produced.   Walnut 
seed  may  be  stored  1  full  year  in  cold  storage 
with  little  loss  of  viability  (Williams  1971) . 
However,  walnut  seed  is  so  bulky  that  cold 
storage  is  too  expensive  for  large  seedlots. 
So  we  have  been  searching  for  an  alternative 
storage  method. 

First,  we  tried  ambient  temperature  stor- 
age.'* Seed  was  sheltered  from  precipitation 
but  subject  to  fluctuating  temperatures  in  one 
location  in  Georgia,  two  locations  in  Illinois, 
three  locations  in  Indiana,  and  one  location  in 
Minnesota.   If  kept  in  ambient  temperature  stor- 
age over  winter,  then  placed  in  cold  storage 
until  it  was  fall-sown,  some  of  the  seed  from 
each  storage  location  germinated.   But  seed 
kept  at  ambient  temperature  the  full  year, 
did  not  germinate. 

Next,  we  tried  storing  seed  in  root  cel- 
lars. ^  Although  there  was  a  sharp  loss  in 
viability,  some  seed  germinated  after  a  full 
year  in  cellar  storage.   For  example,  seed 
collected  from  10  southern  Indiana  seed  sources 
in  1978  was  stored  in  three  different  cellars 
and  in  pits  dug  at  Indiana's  Vallonia  Nursery. 
After  a  full  year  in  storage,  the  seed  was  fall- 
sown  in  the  nursery.   Germination  of  fresh  seed 
from  the  same  seed  sources  sown  in  the  fall  of 
1978,  right  after  collection,  ranged  from  58 
percent  for  the  poorest  seed  source  to  95 
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percent  for  the  best.   Average  germination  was 
81  percent.   After  a  full  year  in  storage, 
germination  was  22,  23,  and  24  percent  for 
seed  stored  in  the  three  cellars  and  23  percent 
for  seed  stored  in  the  pits.^  Although  23 
percent  germination  is  not  satisfactory,  the 
cellar  storage  results  are  encouraging.   If  we 
use  different  kinds  of  bags,  or  manipulate  the 
humidity,  or  provide  some  cooling,  cellar  stor- 
age may  preserve  seed  viability  at  a  satisfactory 
level. 


SOWING  SEED 

Plantations  may  be  established  by  direct 
seeding  or  by  planting  seedlings.   To  produce 
seedlings  for  transplanting  in  the  field,  the 
seedbed  should  be  prepared  in  much  the  same  way 
as  preparing  soil  to  sow  corn  or  beans  in  a 
garden. 

For  natural  stratification  and  best  ger- 
mination, sow  the  seed  in  the  fall.   To  produce 
about  6  seedlings  per  square  foot,  sow  12  seeds 
per  square  foot  (3x4  inch  spacing)  if  seed 
tests  indicate  50-percent  germination.   Adjust 
the  sowing  rate  according  to  the  seed  quality. 
Seed  should  be  covered  with  1  1/2  to  2  inches 
of  soil  (a  rule  of  thumb  is  to  cover  2  times 
the  diameter  of  the  seed) .   If  seed  is  sown  in 
the  spring,  it  should  be  stratified  at  least 
90  days  before  sowing.   For  example,  if  seed  is 
to  be  sown  March  15,  the  seed  should  be  placed 
in  cold  stratification  by  December  15.   To 
protect  the  seed  from  predators,  cover  it  with 
wire  screening  or  lathe  fencing. 

If  the  seed  is  to  be  sown  in  the  field, 
sow  enough  seed  at  each  seed  spot  to  ensure  a 
seedling.   If  germination  capacity  is  50  percent, 
sow  2  seeds  per  seed  spot.   To  protect  the  seed 
from  predators,  cover  the  seed  spot  with  manure 
(Williams  and  Funk  1979)  or  with  wire  screen 
staked  down  over  the  seed.   Sow  the  seed  about 
2  inches  deep. 

To  shorten  the  time  between  sowing  and  seed 
germination,  thus  providing  less  time  for  ro- 
dents to  pilfer  the  nuts,  sow  stratified  seed 
in  the  spring.   Use  manure  or  screen  wire  over 
the  seed  to  protect  it  from  squirrels. 


2.  Remember  that  seed  quality  and  devel- 
opment of  seedlings  from  seed  trees 
differ  within  local  stands. 

3.  Collect  from  productive  stands  and 
high-quality  trees. 

4.  Hull  and  float  test  within  3  days. 

5.  Use  a  huller  with  care  because  it  may 
damage  the  seed  and  reduce  its  germi- 
native  capacity. 

6.  Sow  seed  the  fall  it's  collected  if 
possible,  and  never  let  the  seed  dry 
out  excessively. 

7.  Stratify  the  seed  in  a  cold  room  for 
at  least  90  days  before  sowing  when 
fall  sowing  is  not  possible. 

8.  Try  storing  surplus  seed  in  cellars 
when  cold  storage  is  not  available. 
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SUMMARY 

There's  still  much  to  be  learned  about 
black  walnut  seed.  But  for  best  results  we 
know  to : 

1.   Collect  seed  up  to  150  miles  south  of 
the  planting  site. 
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A  SCREENING  OF  VESICULAR-ARBUSCULAR  (VA) 


MYCORRHIZAL  FORMING  FUNGI  ON  BLACK  WALNUT  SEEDLINGS 

2 
M.  W.  Melichar*,  H.  E.  Garrett  and  G.  S.  Cox 


Abstract. — The  effects  of  VA  mycorrhizal  forming 
fungi  on  the  growth  and  development  of  black  walnut  (Jug- 
lans  nigra  L.)  were  studied.   Percentage  infection,  root 
dry  weight,  stem  dry  weight,  total  seedling  dry  weight, 
stem  diameter  and  stem  height,  were  determined  for  each 
seedling.   Seedlings  inoculated  with  Glomus  microcarpus, 
Glomus  microcarpus+Glomus  fasciculatus ,  and  Glomus  micro- 
carp  us+Glomus  etunicatus+Glomus  fasciculatus  demonstrated 
superior  growth  and  development  to  those  inoculated  with 
other  species  or  left  uninoculated. 


INTRODUCTION 

The  multitude  of  microorganisms  which 
live  on  or  near  the  feeder  roots  of  trees, 
agronomic  crops  and  other  plant  types  inter- 
act with  the  plant  roots  to  form  a  functional 
association  which  plays  a  vital  role  in  many 
physiological  processes.   Microbial  processes 
involve  saprophytism,  pathogenism  and  mutual- 
ism.  The  most  universal  mutualistic  relation- 
ship of  plants  is  the  mycorrhizal  association 
which  involves  various  root-inhabiting  fungi 
and  plant  feeder  roots. 

The  benefits  of  mycorrhizae  to  plant 
growth  and  development  are  well  documented 
for  ectomycorrhizal  tree  species  (Garrett,  et 
al.,  1979;  Marx,  1979;  Vlasov,  1955).   However, 
fewer  studies  have  been  made  on  endomycorrhizal 
woody  types  (Kormanik,  et  al. ,  1979;  Starkey 
and  Brown,  1977).   In  particular,  little  infor- 
mation is  available  on  the  endomycorrhizal  re- 
lationships of  black  walnut  (Juglans  nigra  L.), 
the  premier  timber  species  of  the  eastern  Uni- 
ted States  (Ponder,  1979).   This  is  unfortunate 
since  black  walnut  is  noted  for  poor  growth  and 
development  during  the  first  two  years  after 
outplanting  (Williams,  1970)  and  could  benefit 
greatly  from  mycorrhizae.   Moreover,  the 
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chances  of  natural  colonization  of  walnut  root 
systems  under  nursery  conditions  is  low  due  to 
seedbed  sterilization  and  the  fact  that  endo- 
mycorrhizal spores  are  disseminated  only 
through  the  soil.   At  best,  recolonization  of 
nursery  beds  is  a  slow  process  following  steri- 
lization.  Without  artificial  reinoculation, 
the  benefits  of  a  mycorrhizal  relationship  are 
not  forthcoming  in  advance  of  the  invasion  of 
the  walnut  root  system  by  indigenous  mycorrhi- 
zal fungi  at  the  planting  site.   Unfortunately, 
with  our  limited  knowledge  of  walnut  mycorrhi- 
zal relationships,  at  present  it  is  impossible 
to  recommend  a  specific  organism  for  artificial 
inoculation. 

The   objective   of  this   study  was   to   evalu- 
ate   the   effects   of    five  vesicular-arbuscular 
(VA)    endomycorrhizal   fungi   on   the   growth   and 
development   of  black  walnut   seedlings. 

MATERIALS  AND  METHODS 

The   study  was    conducted  within  a   green- 
house  at    the   University   of  Missouri-Columbia. 
Natural   light    conditions   were   utilized   and 
temperatures    ranged    from  25-29   degrees    Centi- 
grade.     The   greenhouse  was    covered  with   a 
shadecloth  which   transmitted  50  percent  of   full 
sunlight. 

Five   VA  mycorrhizal   fungi,    Glomus   cale- 
donius    (Nicolson  and   Gerdemann) ,    Glomus    fasci- 
culatus   (Thaxter   sensu  Gerdemann) ,    Glomus   mi- 
crocarpus   (Tulasne   and  Tulasne),    Glomus   etuni- 
catus    (Becker   and  Gerdemann)    and   Glomus   mosseae 
(Nicolson   and  Gerdemann) ,   were   used   as   inocula. 

The    inoculum  was    produced   by   growing  each 
fungus   in   association  with   soybeans    (Glycine 
max,   Merrill)    of  the  Clark  variety.      Potting 
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soil  was  steam  sterilized  and  soybean  seeds 
surface  sterilized  in  a  10  percent,  sodium 
hypochlorite  solution  to  minimize  contamina- 
tion.  These  open  pot  cultures  were  maintained 
in  the  greenhouse  for  110  days  until  the  soy- 
beans flowered.   After  flowering,  the  above- 
ground  portion  of  the  soybean  plant  was  re- 
moved.  The  remaining  soil -root  mixture  was 
allowed  to  dry,  ground,  and  placed  in  sterile 
containers  for  future  use  as  inoculum. 

To  minimize  genetic  variability  among  the 
walnut  seedlings,  half-sib  seed  of  the  Thomas 
variety  were  selected  for  uniform  size  and 
used  in  all  treatments.   The  seed  were  surface 
sterilized  in  a  10  percent  hypochlorite  solu- 
tion for  60  seconds,  rinsed  twice  in  distilled 
water  and  pregerminated  in  sterile  vermiculite 
prior  to  planting. 

The  soil  mixture  consisted  of  equal  vol- 
umes of  soil,  peat  and  vermiculite.   The  mix- 
ture was  steam  sterilized  at  100  degrees  cen- 
tigrade for  a  period  of  45  to  60  minutes. 
The  mixture  was  then  placed  in  five-gallon 
pecan  cans  (nine  inches  in  diameter,  20  inches 
deep) .   The  containers  were  watered  repeatedly 
for  a  period  of  ten  days  prior  to  inoculation 
and  planting  to  insure  that  the  entire  soil 
profile  was  saturated. 

Inoculation  consisted  of  thoroughly  mix- 
ing 400  milliliters  of  soybean  VA  inoculum 
throughout  the  sterilized  s oil: peat : vermicu- 
lite growth  medium.   In  addition,  a  cone-shaped 
area  was  formed  at  the  surface  of  the  soil  mix- 
ture and  filled  with  150  milliliters  of  inocu- 
lum.  The  germinated  walnut  was  placed  directly 
on  top  of  the  inoculum  to  insure  taproot-ino- 
culum contact.   Five  species  of  fungi,  used 
either  singly  or  in  combination,  were  employed 
as  inocula.   The  seven  treatments  were  Glomus 
caledonius,  Glomus  mosseae,  Glomus  microcar- 
pus ,  Glomus  microcarpus  (60%)-Glomus  fascicu- 
latus  (38%),  Glomus  fasciculatus  (56%)-Glomus 
microcarpus  (32%),  Glomus  microcarpus  (48%)- 
Glomus  etunicatus  (28%)  and  a  noninoculated 
control  (Table  1)  —  the  percentages  given  for 
the  combination  treatments  represent  the  pro- 
portion of  spores  present  of  that  particular 
spore  type.   The  soil  was  saturated  every  three 
to  five  days  throughout  the  study  so  that  seed- 
lings were  never  under  any  degree  of  water 
stress. 

A  completely  randomized  statistical  design 
involving  the  seven  mycorrhizal  treatments  was 
used.   Each  treatment  was  replicated  three 
times  with  five  seedlings  in  each  replication, 
providing  15  seedlings  in  each  treatment.   All 
data  were  subjected  to  analysis  of  variance 
and  the  means  were  analyzed  using  Duncan's  New 
Multiple  Range  Test  at  the  0.05  alpha  level. 


After  198  growing  days,  all  seedlings  were 
lifted  by  immersing  the  entire  container  in 
water  and  loosening  the  growth  medium,  thus  en- 
abling it  to  fall  away  from  the  root  system. 
Care  was  taken  to  insure  that  the  fine  feeder 
roots  were  retained.   Percentage  infection, 
root  dry  weight,  stem  dry  weight,  stem  height 
and  stem  diameter  were  determined  for  each 
seedling.   Percentage  infection  was  assessed  by 
a  modification  of  the  root-slide  technique  of 
Starkey  (1977). 

RESULTS 

Inoculation  of  container-grown  black  wal- 
nut successfully  produced  viable  VA  endomycor- 
rhizal  associations.   Incorporation  of  soybean 
root  fragments  and  fungal  spores  grown  in  open- 
pot-cultures  yielded  infection  percentages 
greater  than  noninoculated  controls  in  all 
treatments.   The  percentage  mycorrhizal  later- 
al roots  ranged  from  a  high  of  66  in  the  G_. 
microcarpus  (60) -f asciculatus  (38)  treatment 
to  a  low  of  11  in  the  control  (Table  2).   The 
infection  in  the  control  seedlings  was  attri- 
buted to  a  lack  of  complete  soil  sterilization 
during  steaming  and  not  to  reinvasion.   Inocu- 
lation with  Q.    microcarpus  (60) -fasciculatus 
(38),  G.  caledonius,  G.  fasciculatus  (56)- 
microcarpus  (32)  and  G_.  microcarpus  (48)- 
etunicatus  (28)  all  resulted  in  significant 
increases  in  infection  over  the  control.   In- 
fection percentages  were  66,  61,  61  and  54, 
respectively. 

Inoculated  seedlings  also  produced  greater 
root  dry  weights  than  noninoculated  control 
stock.   Glomus  fasciculatus  (56) -microcarpus 
(32),  G.  microcarpus  (60) -fasciculatus  (38)  and 
G.  microcarpus  (48) -etunicatus  (28)  treatments 
resulted  in  significant  increases  in  dry  weights 
of  118,  113  and  98  percent,  respectively,  over 
the  control.   Inoculation  with  the  relatively 
pure  culture  of  G_.  microcarpus  yielded  seedlings 
83  percent  heavier  than  those  produced  in  the 
noninoculated  treatment. 

An  apparent  correlation  exists  between 
percentage  infection  and  root  dry  weight.   Seed- 
lings inoculated  with  G_.  microcarpus  (60)-f as- 
ciculatus (38),  G.  fasciculatus  (56) -microcar- 
pus (32)  and  G_.  microcarpus  (48) -etunicatus 
(28)  all  demonstrated  increased  root  dry  weight 
as  a  result  of  increased  mycorrhizal  infection. 
However,  the  root  dry  weight  of  G.  caledonius 
seedlings  was  only  51  grams,  even  though  cale- 
donius  produced  the  second  highest  infection 
percentage  (61%).   The  increased  absorptive 
root  surface  area  of  the  mycorrhizal  seedlings 
resulted  in  a  significant  increase  in  top 
growth. 
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Table  1. — Treatments  consisting  of  six  different  isolates  and/or  combinations  of  VA  mycorrhizal 
fungi  (Glomus  sp.)  and  a  control  which  were  used  to  inoculate  black  walnut  seedlings, 


Spore   types    and   counts* 

Total  number   of 

spores   per 

Treatment  name 

G.    cale. 

G.    micro.      G.    moss. 

G.    fasic.      G.    etun. 

100   ml   soil 

Control 

- 

- 

- 

- 

G.    caledonius 

136 

35 

- 

171 

G.    mosseae 

8 

49 

3 

60 

G.    microcarpus 

21 

89 

- 

110 

G.    micro    (60)-fasic   (38) 

6 

100 

63 

169 

F.    fascic   (56)-micro   (32) 

12 

34 

59 

105 

G.   micro    (48)-etun   (28) 

- 

63 

33                     36 

132 

*Number    in    (    )    indicates 

percentages 

of   total  number  of  spc 

ires   present   of   that 

respective  spore 

type   for   that   particular 

treatment. 
G.    fascic. = 

G.    cale.=Glomus    caledonius,    G.    micro. =Glomus   microcarpus, 

G.    moss.=Glomus   mosseae, 

Glomus    fasciculatus ,    G. 

etun.=Glomus  etunicatus. 

Table  2. — The  effect  of  inoculation  with  VA  mycorrhizal  fungi  (singularly  and  in  combination) 
from  the  family  Endogonaceae  on  growth  of  black  walnut  seedlings. 


Treatment 


Infection 
% 


Root  dry 

weight 

(gm) 


Stem  dry 

weight 

(gm) 


Total  dry 

weight 

(gm) 


Stem 

diameter 

(cm) 


Stem 

height 

(cm) 


G.  micro  (60)-fasic  (38) 

G.  fasic  (56) -micro  (32) 

G.  micro  (48) -etun  (28) 

G_.  microcarpus 

G.  mosseae 

G.  caledonius 

Control 

Means   not   sharing   the   same   letter   differ  significantly    at    the   alpha  =0.05   level   according  to 
Duncan's   New  Multiple   Range   Test.      Number  in    (    )    denotes   the  percentage   difference    from   the 
control. 


66  a 

102   ab 

5.5   a 

118.9   a 

.65   ab 

35.9  a 

(113) 

(53) 

(102) 

(14) 

(17) 

61    a 

105   a 

5.5   a 

121.3  a 

.68   a 

34.9  ab 

(118) 

(53) 

(106) 

(19) 

(13) 

54   abc 

95   abc 

4.8   ab 

109.7   ab 

.64   ab 

32.1  ab 

(98) 

(33) 

(86) 

(12) 

(4) 

37  bed 

88  abed 

5.6   a 

121.8  a 

.65   ab 

30.4  ab 

(83) 

(56) 

(107) 

(14) 

(-1) 

33  bed 

70   abed 

4.0   ab 

82.9   ab 

.60  bed 

34.0  ab 

(46) 

(11) 

(41) 

(5) 

(10) 

61   ab 

51    cd 

3.5  b 

61.8  b 

.60   bed 

31.6  ab 

(6) 

(-3) 

(5) 

(5) 

(3)    ' 

11  d 

48  d 

3.6  b 

58.9  b 

.57    d 

30.8  ab 

Mycorrhizal  seedlings  were  consistently 
larger  in  diameter  and  of  greater  dry  weight 
than  those  which  were  not  inoculated  (Table 
2)  .   The  single  exception  was  G.  caledonius 
stock  which  averaged  0.1  g  less  weight  than 
the  nonmycorrhizal  seedlings.   Inoculation 
with  G_.  fasciculatus  (56) -microcarpus  (32), 
G.    microcarpus  (60  -fasciculatus  (38)  ,  G. 
microcarpus ,  and  G.  microcarpus  (48)-etuni- 
catus  (28)  significantly  increased  stem  di- 
ameter 12  to  19  percent  compared  with  con- 
trols. 

Stem  height  was  not  affected  as  drama- 
tically by  inoculation  as  were  many  of  the 
other  growth  features.   No  significant  dif- 


ferences were  observed  between  any  of  the  my- 
corrhizal treatments  and  the  controls.   Seed- 
lings inoculated  with  G.  microcarpus  (60)- 
fasciculatus  (38),  however,  were  17  percent 
taller  than  the  controls;  G.  fasciculatus  (56)- 
microcarpus  (32)  and  G_.  mosseae  seedlings  were 
13  and  10  percent  taller,  respectively. 

DISCUSSION 

Endomycorrhizal  inoculation  of  black  wal- 
nut in  containers  is  feasible  under  greenhouse 
conditions  and,  in  all  likelihood,  could  also 
be  accomplished  in  nursery  seedbeds.   Our  re- 
sults indicate  that  a  suitable  inoculum  for 
stimulation  of  the  early  development  of  endo- 
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mycorrhizae  on  eastern  black  walnut  may  be  pre- 
pared by  grinding  the  soil  and  root  systems  of 
soybeans ,  which  have  been  inoculated  with  one 
of  several  species  of  Glomus .   Soil  steriliza- 
tion either  by  steaming  or  fumigation  (a  common 
nursery  practice)  will  obviously  decrease  the 
chance  of  mycorrhizal  development  as  demonstra- 
ted by  the  control  seedlings  which  had  only  11 
percent  of  their  root  systems  colonized. 

The  early  development  of  endomycorrhizae 
on  walnut  seedlings  in  this  study  was  associ- 
ated with  significant  increases  in  growth  and 
development.   Inoculation  with  G.  microcarpus 
provided  an  83  percent  increase  in  root  dry 
weight  over  the  noninoculated  controls,  while 
a  combination  of  G.  fasciculatus  (56)-microcar- 
pus  (32)  yielded  a  118  percent  increase.   This 
increased  root  development  is  especially  import- 
ant in  many  Midwest  soils,  since  it  enables  the 
seedling  to  better  meet  its  moisture  and  nutri- 
ent needs. 

A  complementary  relationship  between  inoc- 
ulation, root  development  and  shoot  development 
was  also  pronounced  after  one  growing  season  in 
this  study.   Inoculation  with  G.  microcarpus , 
G.  fasciculatus  (56) -microcarpus  (32)  and  G_. 
microcarpus  (60) -fasciculatus  (38)  provided 
increases  in  stem  weight  of  more  than  50  per- 
cent and  increases  in  stem  diameter  from  12  to 
19  percent.   Although  size  is  not  necessarily 
a  criterion  of  physiological  condition,  survival 
and  growth  after  outplanting  is  better  with 
larger  stock.   A  common  morphological  feature 
used  in  grading  nursery  walnut  planting  stock 
is  stem  diameter.   Seedlings  1/4-inch  (0.64 
cm)  or  larger  in  diameter  survive  better  and 
grow  faster  than  smaller  ones  following  out- 
planting  (Williams,  1970).   Inoculation  with  G. 
microcarpus  (60) -fasciculatus  (38) ,  G.  fasci- 
culatus (56) -microcarpus  (32),  G.  microcarpus 
(48)  -etunicatus  (28)  and  G_.  microcarpus  re- 
sulted in  stem  diameters  of  0.65,  0.68,  0.64 
and  0.65  cm,  respectively.   Control  seedlings 
averaged  only  0.56  cm  which  is  less  than  the 
recommended  1/4-inch  limit  for  culls. 

CONCLUSIONS 

This  study  indicates  that  walnut  seedlings 
greater  than  1/4-inch  in  diameter  can  be  con- 
sistently produced  by  artificially  inoculating 
soils  with  certain  species  of  Glomus .   Produc- 
tion of  uniform  nursery  stock  of  this  size 
could  greatly  reduce  production  costs  by  re- 
ducing the  number  of  cull  seedlings.   In  addi- 
tion, such  stock  would  exhibit  greater  survi- 
val and  growth  rates  when  outplanted. 
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A  SILVICULTURAL-ECONOMIC  MODEL 
FOR  BLACK  WALNUT1 
Warren  H.  Kincaid,  William  B.  Kurtz  and  H.  E.  Garrett' 


Abstract. — The  level  of  profitability  from  investment 
in  black  walnut  production  is  directly  related  to  the 
level  of  management  intensity.   Five  different  management 
regimes  ranging  from  walnut  timber  only  to  timber,  nuts, 
soybeans,  winter  wheat,  fescue  hay  and  grazing  are  evalu- 
ated in  terms  of  internal  rate  of  return  and  present  net 
worth.   Management  regimes  are  synthesized  for  two  sites 
(SI-80  and  SI-65)  which  support  different  annual  diameter 
growth  rates.   Internal  rates  of  return,  from  least-  to 
most-intensive  management,  ranged  from  6.68  percent  to 
15.91  percent  on  the  higher  quality  (SI-80)  site  and  from 
4.26  to  13.00  percent  on  the  lower  quality  (SI-65)  site. 


Silvicultural-economic  relationships  with- 
in black  walnut  management  regimes  are  readily 
examined  using  a  systems  studies  approach 
(Johnson  and  Rausser  1977).   Walnut  has  been 
encompassed  with  a  comprehensive  reporting  of 
management  techniques  (Funk  1966,  Dillow  and 
Hawker  1971,  Dillow  1975).   Furthermore,  much 
informal  information  is  available  from  indi- 
viduals currently  growing  walnut,  educators  and 
researchers.   Unfortunately,  useful  operating 
data  for  evaluating  economic  aspects  of  walnut 
growth  responses  is  rather  sparse.   While  lit- 
erature is  available  on  growth  responses  to 
many  treatments,  few  studies  have  presented 
adequate  economic  data.   Moreover,  few  planta- 
tions of  sufficient  age  presently  exist  that 
have  undergone  management  techniques  currently 
recommended.   Complex  interactions  vary  re- 
sponses of  many  treatments  and  hinder  the  es- 
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timation  of  parameters  so  necessary  for  the  de- 
velopment of  a  complete  silvicultural-economic 
model  of  walnut  management  systems. 

In  this  paper  we  will  present  an  examina- 
tion of  several  black  walnut  management  re- 
gimes.  Earlier  work  (Callahan  and  Smith  1974, 
Garrett  and  Kurtz  1980)  integrating  the  silvi- 
cultural  and  economic  aspects  of  black  walnut 
management  have  provided  the  building-blocks 
for  this  study. 

WALNUT  MANAGEMENT  REGIMES 

The  development  of  a  complete,  single  sil- 
vicultural-economic model  is  not  possible  at 
this  time  due  to  the  lack  of  adequate  data. 
However,  separate  models  for  different  walnut 
management  schemes  have  been  developed,  with 
each  model  containing  a  number  of  assumptions 
concerning  recommended  treatments  and  expected 
growth  rates.   For  the  purposes  of  this  analy- 
sis, five  regimes  have  been  selected: 

1)  Walnut  timber  (veneer  logs) 

2)  Timber  and  nuts 

3)  Timber,  nuts  and  winter  wheat 

4)  Timber,  nuts,  soybeans,  winter 
wheat,  fescue  and  grazing 

5)  Timber,  nuts  and  grazing 

Many  other  regimes  exist;  each  landowner  is 
limited  only  by  land  quality  and  his  manage- 
ment preferences. 

The  schedule  of  activities  for  each  re- 
gime and  associated  costs  and  revenues  was 
subjected  to  an  investment  analysis  using  a 
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financial  return  algorithm  developed  by  Goforth 
and  Mills  (1975).   Profitability  indices  are 
shown  in  the  form  of  internal  rate  of  return 
and  present  net  worth.   The  algorithm  also  pro- 
vides a  sensitivity  analysis  for  determining 
proportionate  changes  in  present  net  worth  and 
internal  rate  of  return  to  changes  in  data  in- 
puts. 

Each  regime  is  analyzed  for  two  different 
sites,  medium  quality  (SI  65)  and  high  quality 
(SI  80).   The  high  quality  site  is  assumed  to 
be  capable  of  a  DBH  growth  rate  of  1/2  inch 
per  year,  while  the  medium  quality  site  is 
assumed  to  be  capable  of  supporting  a  1/3  inch 
per  year  growth  rate.   All  regimes  are  carried 
to  a  rotation  length  of  60  years.   This  combi- 
nation of  options  provides  10  different  alter- 
natives.  Each  analysis  contains  a  series  of 
assumptions  about  activity  schedules,  prices, 
yields,  costs  and  benefits  associated  with 
walnut  management  (Table  1). 

Walnut  Timber 

The  walnut  timber  regime  emphasizes  wal- 
nut plantation  management  specifically  for 
veneer  logs  (Figure  1).   Trees  are  planted  at 
a  12xl2-foot  spacing  (300  trees  per  acre)  to 
allow  natural  pruning  and  increase  the  poten- 
tial for  a  straight  central  stem.   Planting  a 
large  number  of  trees  allows  for  selection 
gains  since  only  2  7  trees  per  acre  will  remain 
for  final  harvest.   Trees  are  pruned  to  heights 
that  allow  a  16-foot  log  to  be  taken  at  harvest 
on  excellent  sites  (SI  80) .   Prunings  and  thin- 
nings are  scheduled  to  yield  maximum  benefits, 
but  also  to  minimize  bole  sprouting  potential. 
Thinnings  are  scheduled  to  occur  when  the  crown 
competition  factor  (CCF)A'  reaches  110.   Each 
thinning  will  reduce  CCF  to  70. 

Timber  and  Nuts 


Land  Purchase- 
Estaolishment  _ 
Weed  Control   . 


Corrective  Pruning 
Clear-length  Pruning 
Precommerclal  Thinning, 
Annual  Expenses 


Net  Revenues 


Nut  Returns'  ' 
Commercial  Thinnings 
Pinal  Harvest    ■ 
Land  Sale    ' 


Walnut  Growth 
Component 


—  Nut  returns  would  not  contribute  to  the 
walnut  timber  regime. 

Figure  1. — The  relationship  between  cost  and 
revenue  activities  associated  with  the  walnut 
timber  and  nuts  management  regime. 


Trees  are  planted  at  a  spacing  of  10x40 
feet  (108  trees  per  acre)  allowing  maximum 
crown  development  and  some  opportunity  for 
selection  gains.   Again,  following  thinnings, 
27  trees  remain  for  final  harvest.   Thinnings 
occur  when  CCF  reaches  90  and  each  thinning 
reduces  CCF  to  60.   This  CCF  range,  along  with 
a  reduction  in  pruning  heights  from  the  timber 
only  regime,  will  allow  maximum  development 
of  crown  area. 

Timber,  Nuts  and  Winter  Wheat 

Multicropping  management  regimes  include 
the  same  schedule  of  activities  as  the  timber 
and  nuts  regime,  plus  additional  agricultural 
activities  (Figure  2) .   In  this  first  multi- 
cropping  regime,  walnut  trees  are  intercropped 
with  winter  wheat  for  the  first  10  years  of 
the  enterprise.   While  it  is  possible  that 
winter  wheat  could  be  produced  longer  than  10 


Management  techniques  in  this  regime  are 
similar  to  the  walnut  timber  regime,  except 
pruning  and  thinning  schedules  are  changed  to 
provide  a  shorter  log  and  a  larger  crown  to 
benefit  nut  production.   The  ultimate  objec- 
tive involves  a  series  of  nut  yields  beginning 
in  year  20  and  lasting  throughout  the  remainder 
of  the  rotation;  final  harvest  yields  a  veneer 
log  that  is  10  to  14  feet  in  length  (Figure  1) . 


—  Crown  competition  factor  is  an  index 
of  competition  between  trees  in  a  stand.   It 
is  expressed  as  a  percentage  of  the  ground 
area  in  the  stand  actually  covered  by  tree 
crown  area  (Schlesinger  and  Funk  1977). 


Net  Revenues 


Purchase 
Establishment  - 
Weed  Control  - 


Corrective  Pruning 
:iear-length  Pruning 
Precommercial  Thinning. 
Annual  Expenses 


Wheat  Establishment 
Wheat  Fertilizer 

Wheat  Management 


Wheat  Yields 
Nut  Returns 

Commercial  Thinning  Yiel 
Final  Harvest 
Land  Sale  - 


Figure  2. — The  relationship  between  cost  and 
revenue  activities  associated  with  the  tim- 
ber, nuts  and  wheat  regime. 
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Table    1. 

Costs    and   revenues   of  walnut   management  by   production   categories. 

Category 

Description                                          Price   per  unit    ($) 

1/ 


Land- 


Labor 
Trees 


Winter  wheat 


Soybean 


Fescue 


Fencing 


Livestock 


High   quality    (SI 

30) 

1000.00/ac 

Medium  quality 

(SI  65) 

800.00/ac 

Property   taxes 

2.50/ac/yr 
6.00/hr 

Establishment 

[equipment,    manpower,    stock) 

1.25/tree 

Weed   control    (chemicals 

and  application) 

45.00/ac 

Corrective  pruninj 

I   (2  hrs/ac) 

12.00/ac 

Management 

4.00/ac/yr 

Pruning:      7    ft 

(5 

.0  hrs 

/ac) 

30.00/ac 

9   ft 

(6 

.0  hrs 

/ac) 

36.00/ac 

11    ft 

(6 

.8  hrs/ac) 

40.80/ac 

7-11   ft 

(2.4  h 

rs/ac) 

14.40/ac 

9-15    i 

Ft 

(3.1  h 

rs/ac) 

18.60/ac 

11-17 

ft 

(3.5 

hrs/ac) 

21.00/ac 

Precommercial   thinning: 

2/      2   inch   DBH 

4.86/sq    ft 

3   inch   DBH 

3.30/sq    ft 

4   inch   DBH 

2.31/sq    ft 

5   inch   DBH 

1.89/sq    ft 

6   inch   DBH 

1.47/sq    ft 

7    inch    DBH 

1.23/sq    ft 

8   inch   DBH 

1.95/sq    ft 

9    inch   DBH 

.90/sq    ft 

10   inch   DBH 

.81/sq    ft 

Nuts 

9.00/cwt 

Stumpage:         10 

ft 

•    log, 

10.2"   dibse 



10 

ft 

•    log, 

13.8"  dibse 

40.00   ea 

10 

ft 

•    log, 

17.0"  dibse 

226.00   ea 

10 

ft 

•    log, 

19.8"   dibse 

370.00  ea 

14 

ft 

•    log, 

8.9"   dibse 



14 

ft 

•    log, 

11.2"   dibse 

37.00   ea 

14 

ft 

•    log, 

12.0"   dibse 

45.00  ea 

14 

ft 

>    log, 

14.8"  dibse 

229.00   ea 

14 

ft 

•    log, 

17.2"  dibse 

373.00   ea 

14 

ft 

■    log, 

22.2"  dibse 

1009.00   ea 

14 

ft 

log, 

25.9"  dibse 

1446.00   ea 

16 

ft 

•    log, 

10.5"   dibse 

38.00  ea 

16 

ft 

•    log, 

13.8"  dibse 

243.00   ea 

16 

ft 

log, 

16.0"  dibse 

396.00  ea 

16 

ft 

■    log, 

20.7"   dibse 

1089.00  ea 

16 

ft 

■    log, 

24.2"   dibse 

1570.00   ea 

Establishment 

31.50/ac 

Management 

6.00/ac 

Fertilizer 

33.50/ac 

Wheat 

4.50/bu 

Establishment 

39.50/ac 

Management 

7.50/ac 

Fertilizer 

32.00/ac 

Soybeans 

11.50/bu 

Establishment 

37.20/ac 

Management 

7.50/ac 

Fertilizer 

25.80/ac 

Seed 

55.00/cwt 

Hay    (deduct    . 15/bale  when  seed   is   removed) 

.70/bale 

Perimeter    fence: 

Sstabl 

ishment 

42.00/ac 

Maintenance 

1.25/ac/yr 

Electric   fence 

■    Establishment 

49.00/ac 

Maintenance 

1.15/ac/yr 

Removal 

6.20/ac 

SI  65   feed  costs 

(1-15 

yrs) 

26.80/ac 

SI  65   feed  costs 

(16  yrs-rotation) 

29.50/ac 
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SI 

65 

other  co 

SI 

65 

other  co 

SI 

65 

receipts 

SI 

65 

receipts 

SI 

80 

feed  cos 

SI 

80 

feed  cos 

SI 

80 

other  co 

SI 

80 

other  co 

SI 

80 

receipts 

SI 

80 

receipts 

stsV    (1-15   yrs) 
stsA'     (16  yrs-rotat] 

(1-15   yrs) 

(16  yrs-rotation) 
ts    (1-15  years) 
ts    (16  yrs-rotation) 
sts3/    (1-15   yrs) 
stsV    (16  yrs-rotation) 

(1-15  yrs) 

(16  yrs-rotation) 


:ion) 


0 


29.40/ac 
32.40/ac 
77.60/ac 
85.40/ac 
29.50/ac 
32.80/ac 
32.40/ac 
36.00/ac 
85.40/ac 
94.90/ac 


1/ 
2/ 


Land  sale  price  equals  its  purchase  price  to  synthesize  its  holding  cost. 

ublished  data  on  file  at  the 
ratory,  Carbondale,  IL.   Cost 

and  the  number  of  trees  re- 
sq.  ft.  of  basal  area  removed, 
costs,  labor  costs,  utilities 


Precommercial  costs  are  determined  using  unp 
USDA  Forest  Service  Forest  Sciences  Labo 
is  a  function  of  hourly  labor  rate,  DBH, 

„  ,    moved.   It  is  expressed  as  dollars  per. 

—  Other  costs  include  veterinary  and  medicine 
and  machinery. 


years  due  to  the  late  spring  leafing  charac- 
teristic of  black  walnut,  a  conservative  10- 
year  estimate  is  used  because  of  the  lack  of 
supportive  data.   During  this  period,  yields 
of  winter  wheat  on  the  medium  quality  site 
(SI  65)  are  expected  to  be  10  percent  less 
than  on  the  high  quality  site  (SI  80).   Fur- 
thermore, establishment  of  agricultural  crops 
under  a  multicropping  regime  with  black  walnut 
requires  that  approximately  four  feet  of  non- 
cropped  area  be  left  on  each  side  of  the  trees 
to  facilitate  management  and  reduce  competi- 
tion.  This  reduces  usable  agricultural  land 
area  by  approximately  10  percent. 

Timber,  Nuts,  Soybeans,  Winter  Wheat,  Fescue, 
and  Grazing 

This  most  intensive  multicropping,  man- 
agement regime  (Figure  3)  involves  a  schedule 
that  includes  many  aspects  of  agriculture  — 
again,  these  agricultural  activities  are  per- 
formed along  with  the  timber  and  nuts  activi- 
ties.  The  proposed  systems  of  multicropping 
are  designed  with  the  needs  of  each  crop  in 
mind. 

Increasing  shade  with  increasing  age  of 
the  walnut  will  reduce  soybean  yields  in  years 
6-10  by  an  estimated  20  percent  below  that  ex- 
pected for  years  1-5.   Soybean  yields  are  also 
very  sensitive  to  changes  in  site  quality. 
Yields  on  a  medium  quality  site  (SI  65)  are 
reduced  to  75  to  80  percent  of  the  yields  on 
a  high  quality  site  (SI  80).   Crop  free  rows 
are  maintained  for  the  walnut  trees  to  grow 
with  a  minimum  of  competition.   Therefore, 
usable  land  area  is  reduced  by  about  10-20 
percent. 

After  dual  cropping  soybean  and  winter 
wheat  for  10  years,  fescue  is  established  in 
the  areas  between  the  rows  of  trees.   Just  as 


d  Purchase 

Establishment 

Weed  Control 

rrective  Pruning 
Clear-Length  Pruning 
Precommercial  Thinning 
Annual  Expenses 
Soybean  Establish 
Soybean  Mgt 
Winter  Wheat  Estab. 
Winter  Wheat  Mgt 
Fescue  Establish 
Fescue  Mgt. 
Cattle  Establish 
Cattle  Feed  4  Mgt. 


Soybean  Yield 
Winter  Wheat  Yield- 
Fescue  Seed  Return 
Fescue  Hay  Return 
Cattle  Yields 
Nut  Returns 

immercial  Thin  Yield 
Final  Harvest 
Land  Sale 


Figure  3. — The  relationship  between  cost  and 
revenue  activities  associated  with  the  tim- 
ber, nuts,  soybeans,  wheat,  fescue  and  graz- 
ing regime. 


soybean  and  winter  wheat  are  suitable  inter- 
crops with  walnut,  fescue  also  appears  to  be  a 
suitable  companion  crop  once  the  trees  are  old 
enough  to  have  a  well-established  root  system. 
Research  has  demonstrated  increases  in  forage 
quality  and  quantity  when  grown  in  association 
with  walnut  (Smith  1942,  Garrett  and  Kurtz 
1981).   Harvest  of  fescue  seed  and  hay  begins 
in  year  11  and  continues  until  year  15,  when 
shade  substantially  reduces  seed  yields.   Dif- 
ferences in  site  quality  also  result  in  a  10 
percent  yield  reduction  for  fescue  seed  and  hay 
on  medium  quality  sites  (SI  65)  in  comparison 
to  high  quality  sites  (SI  80) . 
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Cattle  grazing  operations  begin  in  year 
16  when  fescue  seed  yields  become  too  low  to 
add  revenue  to  the  enterprise.   A  perimeter 
fence  must  be  constructed  to  contain  the  stock 
and  will  remain  to  the  end  of  the  rotation. 
Interior  fencing  is  not  required  since,  by 
year  16  or  so,  walnut  trees  should  be  large 
enough  to  withstand  livestock  damage.   Tech- 
niques of  grazing  management  commonly  employed 
in  Missouri  are  used  throughout  the  rest  of 
the  rotation. 

Timber,  Nuts  and  Grazing 

Grazing  operations  in  this  regime  (Fig- 
ure 4)  are  similar  to  those  found  in  the  in- 
tensive multicropping  regime  with  the  excep- 
tion that  grazing  between  rows  begins  soon  af- 
ter seedlings  are  established.   This  necessi- 
tates utilization  of  a  tree  protection  fence 
system,  as  well  as  the  perimeter  fence.   Pro- 
tective interior  fencing  consists  of  an  elec- 
trically charged  wire  that  is  suspended  on 
stakes  positioned  six  feet  on  either  side  of 
a  row  of  trees.   The  interior  fencing  remains 
in  place  until  the  walnut  trees  are  sufficient- 
ly large  to  minimize  damage  from  grazing  stock. 


Table  2. — Walnut  management  regimes  ranked  by 
internal  rate  of  return  (IRR)  within  groups 
of  identical  site  indices  (SI)  and  rotation 
ages  (RA) .   Present  net  worth  is  given  for 
each  management  regime. 


Regimes 


IRR 


PNW  (7.5%) 


SI  80,  1/2  inch  GR,  60  RA 
Intensive       , 
multicropping— 
Timber,  nuts,  wheat 
Timber  and  nuts 
Timber,  nuts,  grazing 
Walnut  timber 


rcent) 

(dollars) 

5.91 

1951.69 

9.36 

882.07 

7.71 

133.88 

7.44 

-  42.01 

6.68 

-  575.28 

SI  65,  1/3  inch  GR,  60 

RA 

Intensive       . 
multicropping— 

13 

00 

778 

62 

Timber,  nuts,  wheat 

7 

76 

65 

16 

Timber,  nuts 

5 

92 

-  559 

47 

Timber,  nuts,  grazing 

5 

52 

-  765 

17 

Walnut  timber 

4 

26 

-1198 

83 

—  Intensive  multicropping  refers  to  timber, 

nuts,  wheat,  soybeans,  fescue,  and  graz- 
ing regime. 
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Fescue  Fertilizer 
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Walnut  Growth 
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final  Harvest 
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.Figure  4. — The  relationship  between  cost  and 
revenue  activities  associated  with  the  tim- 
ber, nuts  and  grazing  regime. 


INVESTMENT  ANALYSIS 

Ranking  of  the  five  management  options  by 
internal  rate  of  return  and  present  net  worth 
within  identical  site  index  and  rotation  age 
groupings  is  shown  in  Table  2.   Internal  rates 
of  return  for  the  "walnut  timber  only"  regimes 
were  the  lowest  of  all  regimes  analyzed.   This 
is  largely  due  to  the  absence  of  early  reve- 
nues from  annual  crops  to  help  compensate  for 
the  high  initial  establishment  costs.   Estab- 
lishment costs  are  very  high  for  timber  only 


regimes  since  300  trees  per  acre  are  planted  on 
a  12xl2-foot  spacing.   Establishing  300  trees 
per  acre  and  harvesting  only  27  at  rotation  end 
provides  an  opportunity  for  selection  gains  to 
take  place.   However,  the  model  used  in  this 
analysis  did  not  consider  increases  in  revenue 
other  than  those  associated  with  an  extra  two 
feet  of  veneer  log  taken  at  commercial  thinnings 
and  final  harvest. 

Lower  establishment  costs  and  early  reve- 
nues from  collected  nuts  helped  to  increase  the 
IRR  of  the  timber  and  nuts  regimes  by  about  one 
percentage  point  above  that  observed  for  the 
walnut  timber  regimes.   Logs  taken  at  commercial 
thinnings  and  final  harvest  are  shorter  in 
length,  but  this  allowed  a  larger  crown  to  de- 
velop which  increased  nut  yields.   Nut  yields 
are  important,  not  only  because  of  the  addi- 
tional revenue  they  contribute,  but  because 
of  the  timing  of  these  contributions. 

Internal  rate  of  return  can  be  raised  1.5 
to  2.0  percent  above  that  observed  for  the  tim- 
ber and  nuts  regime  by  adding  a  winter  wheat 
management  objective  for  the  first  10  years  of 
the  enterprise.   As  with  the  addition  of  nut 
revenues,  the  additional  revenues  associated 
with  wheat,  and  the  timing  of  these  revenues 
help  to  offset  the  high  initial  establishment 
costs . 

The  addition  of  grazing  operations  when 
establishing  a  timber  and  nuts  regime  provided 
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very  little  benefit  in  terms  of  IRR.   High 
fencing  costs  reduce  the  profitability  of  this 
regime.   Grazing  operations  could  be  suspended 
until  approximately  year  16,  thus  eliminating 
the  need  for  protective  fencing  due  to  the 
substantial  size  of  the  walnut  trees. 

Intensive  multicropping  is  a  useful  prac- 
tice in  helping  to  offset  high  initial  estab- 
lishment costs  that  include  high  land  prices 
paid  for  better  sites.   In  most  cases,  the 
higher  cost  paid  for  high  quality  land  is  too 
extreme  to  be  offset  by  added  revenues  from 
increased  wood  yields.   However,  this  is  not 
true  in  the  timber,  nuts,  wheat,  soybeans, 
fescue  and  grazing  regimes.   Here,  added  reve- 
nues from  increased  wood  and  crop  yields  more 
than  offset  the  higher  land  price. 

CONCLUSIONS 

Growing  black  walnut  either  for  wood  pro- 
ducts only,  for  both  wood  and  nuts  or  in  a 
multicropping  management  regime  can  be  a  pro- 
fitable, as  well  as  enjoyable,  endeavor. 
Level  of  profitability  is  closely  linked  to 
intensity  of  management. 

Quality  of  site  also  influences  the  level 
of  profitability  within  respective  management 
regimes.   Obviously,  the  greatest  influence  of 
the  higher  site  quality  is  apparent  with  the 
most  intensive  multicropping  regime. 

Multicropping  management  offers  the  great- 
est returns  because  of  its  more  intensive  use 
of  land.   While  slight  sacrifices  might  be  made 
in  agricultural  crop  yields  and  wood  and  nut 
production,  the  early  returns  from  agricul- 
tural production  offset  the  high  initial  cost 
of  walnut  establishment  and  permits  substantial 
increases  in  profits. 
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THE  CHANGING  STATUS  OF  PRIME  AGRICULTURAL  LAND: 

FUTURE  IMPLICATIONS 

2 
Luther  B.  Hughes,  Jr. 


Abstract. — Losses  of  prime  agricultural  land  used 
for  food  production  in  the  U.S.  continues  at  an  alarming 
rate.   Losses  of  millions  of  acres  of  land  to  erosion, 
fuel  and  fiber  crop  production  and  conversion  to  non- 
agricultural  use,  i.e.  urban  development,  highways,  etc. 
occur  annually.   Conversion  to  non-agricultural  uses 
alone  exceed  one  million  acres  annually.   Continued  losses 
of  this  magnitude  of  food  production  potential  has  impli- 
cations of  changing  the  U.S.  to  a  non-food  exporting 
country,  a  serious  blow  to  world  hunger  demand. 


INTRODUCTION 

World  population  is  increasing  at  the  rate 
of  more  than  180,000  persons  per  day  (Brown, 
1978) .   The  resulting  annual  increase  in  world 
population  is  equivalent  to  more  than  one-third 
of  the  entire  U.S.  population.   This  population 
increase  has  caused  concern  about  adequate 
food  production,  especially  for  the  future. 
Thomas  Malthus,  in  the  early  1800's,  projected 
that  human  population  would  increase  geomet- 
rically and  food  production  would  only  increase 
arithmetically.   Although  the  United  States  is 
a  notable  exception,  the  Malthusian  theory  has 
been  shown  to  be  quite  prophetic.   This  paper 
attempts  to  point  out  how  the  potential  for 
food  production  in  the  future  is  being  danger- 
ously reduced,  particularly  in  the  U.S.,  by 
large  losses  of  prime  agricultural  lands  due 
to  current  land  use  practices  and  changes  in 
land  use. 

Food  production  requires  many  inputs, 
including  acceptable  environmental  and  climatic 
conditions,  available  nutrients,  proper  control 
of  pests  including  weeds  and  potentially 
productive  soils  or  land.   Barber  (1976) 
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discussed  the  importance  of  better  nutrient 
efficiency  and  availability  of  nutrients  for 
future  food  production.   Hughes  (1971)  stressed 
the  importance  of  proper  pest  control  for 
maintaining  high  crop  yields.   However,  with 
these  inputs,  the  availability  of  highly 
productive  soils  is  still  necessary. 


LOSSES  IN  PRIME  AGRICULTURAL  LAND 

Significant  losses  of  highly  productive 
prime  agricultural  lands  are  matters  of  great 
concern.   Trends  in  U.S.  land  use  are  shown 
in  Table  1.   Soil,  relative  to  length  of 
human  life,  is  a  non-renewable  resource.   Yet 
soils  are  often  managed  as  if  they  are  quickly 
regenerated. 


Cropping  Systems  Alterations 

Petroleum  shortages  in  the  1970's  brought 
additional  new  pressures  for  land  use  with 
suggestions  of  crop  production  for  alternative 
fuel  production.   Alcohol  production  from  grain 
crops,  use  of  biomass  and  oils  from  crops  may 
eventually  prove  economically  feasible.   As 
production  of  these  "fuel  crops"  increases,  a 
subsequent  decrease  in  available  acreages  for 
food  production  follows.   Projections  of  over 
20  million  acres  for  grain  for  alcohol  produc- 
tion alone  have  been  reported  in  the  National 
Agricultural  Land  Study. 

Similarly,  if  petroleum  shortages  continue, 
the  manufacture  of  synthetic  fibers  may  be 
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jeopardized.   Subsequent  increases  in  fiber 
crop  production  may  likely  occur.   The  extent 
of  food  cropland  "lost"  will  closely  parallel 
the  extent  of  fiber  crop  acreage  increase. 


Table  1. — Trends  in  Land  Use.   Includes  United 
States,  Puerto  Rico,  and  Virgin  Islands. 
Excludes  Alaska.  1 


cropland  have  been  occurring  in  recent  years 
in  Tennessee,  Mississippi,  and  Missouri  while 
in  the  Corn  Belt,  cropland  losses  in  Iowa  have 
exceeded  9  tons/ac/yr.   These  soil  losses  can 
dramatically  reduce  productivity  for  the 
distant  future.   Losses  of  soil  from  the  most 
productive  lands  also  cause  additional  pressures 
to  consider  more  intensive  uses  of  more  sloping 
marginal  lands  for  producing  food  crops.   Even 
more  serious  erosion  may  then  result. 


1958      1977    Percent 
(Millions  of  Acres)  Changed 


Cropland  448 

Pastureland , 

native  pasture,     485 

and  rangeland 


Small  areas  of 
open  water 


Other 


60 


Total 


1,504 


413 


541 


77 


1,500 


+12 


Forest  land 

453 

370 

-18 

Urban  land 

51 

90 

+76 

(over  10  acres) 

+29 


+27 


Conversion  to  Non-Agricultural  Uses 

Few  losses  in  agricultural  lands  are  so 
permanent  as  losses  to  non-agricultural  uses. 
Demands  for  land  for  urban,  transportation 
and  water  resource  development  uses  exceed 
3  million  acres  each  year.   In  many  instances, 
these  demands  have  chosen  the  very  best  land, 
prime  agricultural  land.   Prime  agricultural 
lands  were  removed  at  the  rate  of  one  million 
acres  per  year  from  1966  to  1975  according  to 
the  National  Agricultural  Land  Study.   In  most 
instances,  buildings,  concrete,  asphalt  or 
water  render  this  land  permanently  useless  for 
agricultural  production. 

This  loss  is  so  serious  that  Florida,  New 
Hampshire  and  Rhode  Island  will  lose  all  their 
prime  agricultural  land  within  20  years  if  the 
current  loss  rate  continues.  Many  other  states 
will  lose  over  ten  percent  of  their  best  crop 
producing  lands  (Fields,  1980). 


Accelerated  Soil  Erosion 

The  greatest  pollutant  of  U.S.  streams 
and  rivers  is  soil.   Most  sediment  originated 
as  topsoil  before  detachment  and  removal  by 
water.   Few  resources  have  been  so  badly 
managed  or  so  quickly  depleted.   Soil  is 
renewable  only  in  geologic  terms  often 
requiring  hundreds  of  years  for  an  inch  of 
soil  development  from  bedrock.   Conversion  of 
land  to  more  intensive  crop  use,  i.e.  pasture 
land  or  forest  land  to  row  cropland,  often 
preceded  accelerated  erosion.   One-third  of 
the  present  U.S.  cropland  has  already  been 
lost  by  erosion  (Pimentel,  et  al.,  1976). 

Natural  processes  of  soil  formation  allow 
tolerable  or  permissible  erosion  to  average 
3-5  tons/ac/yr  implying  that  soil  formation 
at  that  rate  allows  no  loss  in  productivity 
(Kohnke,  1969).  However,  soil  erosion  often 
far  exceeds  the  "tolerable"  limit.  Average 
soil  losses  in  excess  of  10  tons  per  acre  of 


"America's  Soil  and  Water:   Condition 
and  Trends",  USDA,  Soil  Conservation  Service, 
December  1980. 


POSSIBLE  SOLUTIONS 

National  policy  decisions  will  play  a 
large  role  in  determining  whether  food  produc- 
tion will  be  adequate  to  meet  U.S.  needs  of  the 
future.   Conversion  of  land  to  fuel  and  fiber 
crops  will  reduce  land  for  food  production. 
Economics  and  petroleum  supply  may  dictate 
that  decision  process. 

Accelerated  soil  erosion  cannot  continue 
at  present  rates  without  greatly  reducing  the 
soil's  productivity.  Advances  in  conservation 
tillage  or  reduced  tillage  methods  will  hope- 
fully play  a  strong  role  in  reducing  erosion. 
Careful  management  of  marginal  lands  will  be 
necessary.   Hupe  (1981)  reported  that  walnut 
production  had  a  positive  effect  on  forage 
production,  especially  fescue.   Findings  of 
this  nature  may  help  offset  yield  reductions 
due  to  erosion.   If  voluntary  soil  conservation 
efforts  do  not  progress,  legislative  action 
may  force  stringent  agricultural  land  use; 
action  not  likely  to  be  well-received  by  many 
landowners. 

Lastly,  huge  losses  of  prime  agricultural 
lands  to  non-agricultural  uses  will  necessitate 
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Immediate  action.      Table   2    shows   agricultural 
land   uses   in   1977    in  various  regions  of    the 
U.S.    while    in  Table  3   lands  with  potential   for 
conversion  to   cropland  are  shown.     However, 
continued   losses  of   3  million  acres  of  land 
each  year  will  be  devastating    to  U.S.    food 
production  and  must   be  reduced.      As  with   soil 
conservation  efforts,    if   losses  of   prime 
agricultural   land   continue,    legislative 
restrictions  on  land  use    (zoning)    will   likely 
come   to   fruition. 


Table   2. — Agricultural   land  uses    in  1977    in 
selected   census  regions    (millions   of    acres) . 

Other 
Census     Crop  Pasture  Range     Forest  Lands 
Regions  Land      Land        Land         Land       in 
Farms 

West  65.8        12.6     229.3        63.2        1.4        372.3 

North     22g6       41>6        ?11        6Ql        72       41? 
Central 

South     101.6        72.7      113.6      181.7        2.0        471.6 

North- 


16.9  5. 


62.3        1.5  86.5 


east 

TOTALS  412.9   132.7   414.0   376.3  12.1  1,348.0* 
*Excludes  10.9  million  acres  of  "Farmsteads." 


SUMMARY 

Currently,  the  United  States  is  a  major 
food  exporting  country.   New  developments  in 
using  marginal  land  and  in  technology  and 
plant  breeding  will  likely  allow  higher  yields 
per  acre  if  other  production  factors  remain 
constant.   However,  losses  of  prime  agricul- 
tural lands  to  erosion,  fuel  and  fiber 
production,  and  non-agricultural  uses  threaten 
our  overall  food  production  system.   Efforts 
through  research  and  conservation  provide  some 
promise  for  stemming  these  losses.   Otherwise, 
Norman  Berg,  chief,  USDA  Soil  Conservation 
Service,  may  well  be  correct  in  his  statement: 
"Ten  years  from  now,  Americans  could  be  as 
concerned  over  the  loss  of  the  nation's  prime 
and  important  farm  lands  as  they  are  today 
over  shortages  of  oil  and  gasoline"  (Fields, 
1980). 


"Agricultural  Land  Data  Sheet,  America's 
Land  Base  in  1977,"  National  Agricultural  Lands 
Study,  Interim  Report  2,  1980. 


Table  3. — Agricultural  land  with  high  and 
medium  potential  for  being  converted  to 
cropland,  by  selected  census  regions  and  by 
1977  land  uses  (millions  of  acres). 


1977 

Land  Uses 

Census 
Region 

Pasture 
land 

Range 
land 

F°ref  Other 
Land 

Total 

West 

4.0 

14.2 

1.1     0.3 

19.6 

North 
Central 

18.8 

12.5 

7.0    2.0 

40.3 

South 

26.6 

12.2 

20.6    0.7 

60.1 

North- 
east 

1.9 



2.2    0.5 

4.6 

Total 


51.3 


38.9 


30.9 


3.5 


124.6* 


*About  2  million  acres  of  "Other  Nonfarm" 
has  potential  for  conversion  to  cropland, 
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A  CASE  STUDY  OF  BLACK  WALNUT  MANAGE  ME NT  COSTS 
James  E.  Jones 


Abstract. — Intensive  management  is  required  to  produce 
quality  eastern  black  walnut  trees.  Weed  control,  fertili- 
zation and  pruning  are  three  important  management  practices 
for  which  the  component  costs  are  contained  in  this  paper. 


The  culture  of  eastern  black  walnut 
(Juglans  nigra  L.)  in  a  multicropping  program 
requires  intensive  tree  care.   The  tree  must 
be  cared  for  from  its  initial  placement  in 
the  field  to  insure  that  weeds  are  controlled, 
soil  fertility  levels  are  adequate,  and  the 
desired  tree  shape  is  maintained. 

Costs  presented  in  this  paper  have  been 
extracted  from  records  maintained  for  Sho- 
Neff  Plantation  which  is  owned  by  Hammons 
Products  Company  of  Stockton,  Missouri.   The 
project  consists  of  480  acres  with  240  acres 
planted  to  trees.   There  is  a  total  of  19,464 
trees  ranging  in  age  from  3  to  7  years.   Two 
thousand  seven  hundred  and  ninety  are  planted 
on  a  40'x20'  spacing  with  the  remainder  being 
on  a  40'xlO'  spacing. 

Sho-Neff  Plantation  is  located  in  south- 
west Missouri  near  Stockton.   The  project  is 
managed  for  the  production  of  conventional 
agricultural  crops,  research,  and  demonstra- 
tion within  the  multicropping  framework. 
In  Table  1  is  presented  costs  for  a  one-time 
treatment  of  weed  control,  fertilization,  and 
pruning. 

CHEMICAL  WEED  CONTROL 

Weed  control  on  the  project  is  carried 
out  in  several  manners  as  conditions  dictate. 
However,  the  only  costs  to  be  included  here 
are  for  primary  weed  control  or  the  applica- 
tion of  chemicals  during  the  spring. 


Table  1. — Costs  of  primary  weed  control,  fer- 
tilization and  pruning  in  a  large  eastern 
black  walnut  plantation. 


Paper  presented  at  the  Walnut  Council/ 
NNGA  Symposium,  West  Lafayette,  Indiana, 
August  9-14,  1981. 

Director  of  Forestry  Practices  and 
Management,  Hammons  Products  Company,  Stock- 
ton, Missouri. 


Weed 

Fertili- 

Control 

zation 

Pruning 

(dc 

illars  per 

tree)    

Materials 

$0,045 

$0,063 



Labor 

0.013 

0.038 

$0,067 

Equipment 

0.024 

0.004 

0.004 

Management 

0.008 

0.010 

0.007 

TOTAL   COSTS 

$0,090 

$0,115 

$0,078 

Acceptable  results  have  been  obtained  by 
applying  a  mixture  of  Roundup  and  Princep  in  a 
two  and  one-half  foot  band  along  each  side  of 
the  row  of  trees.   The  chemicals  are  applied 
with  a  tractor  mounted  sprayer  and  side  mount- 
ed boom.   The  boom  is  equipped  with  electric 
solenoids  and  no-drip  nozzles  to  facilitate 
control  and  minimize  application  to  crop  areas. 

The  rate  of  application  is  4  pints  of 
Princep  4L  and  3  pints  of  Roundup  in  a  solu- 
tion of  100  gallons  of  water.   The  equipment 
is  calibrated  to  apply  this  mixture  to  one 
acre  (8,712  feet  of  row  length  with  a  2  1/2' 
band  on  each  side) . 

Time  used  in  application  of  the  chemicals 
required  78  man  hours  and  51.7  hours  on  the 
tractor.   The  component  costs  of  primary  weed 
control  are  illustrated  in  Table  1. 
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FERTILIZATION 

Individual  tree  fertilization  has  been 
performed  only  one  time  since  tree  establish- 
ment.  The  application  was  made  during  late 
winter  and  early  spring  of  1980.   A  fertili- 
zer blend  (N-P-K)  of  12-12-12  was  surface  ap- 
plied within  the  dripline  of  all  trees  at  the 
rate  of  1  pound  of  product  per  inch  of  stem 
diameter. 

The  fertilizer  was  delivered  to  various 
drop  points  in  50  pound  bags  by  tractors, 
then  distributed  by  hand  using  buckets  and 
calibrated  containers.   One  hundred  sixty- 
one  (161)  man  hours  were  required  to  ferti- 
lize 19,464  trees  with  15,470  pounds  of  fer- 
tilizer.  See  Table  1  for  a  complete  presen- 
tation of  fertilizer  costs. 

PRUNING 

Pruning  is  necessary  for  most  open-grown 
eastern  black  walnut  trees.   To  date  all  prun- 
ing at  Sho-Neff  Plantation  is  done  with  hand 
pruners,  lopping  shears,  and  hand  saws. 

Pruning  is  done  primarily  in  February, 
March  and  early  April.   The  pruning  program 
includes  both  the  conventional  pruning  and 
tip  pruning.   Consequently,  the  time  element 
is  greater  than  would  normally  be  experienced 
for  trees  in  this  age  and  size  class.   How- 
ever, some  trees,  due  to  their  size  and  con- 
dition, will  no  longer  be  tip  pruned. 

During  the  winter  and  spring  of  1981  all 
trees  were  individually  inspected  and  treat- 
ed.  The  time  involved  was  244.5  hours.   Table 
1  illustrates  additional  costs. 

SUMMARY 

Producing  quality  eastern  black  walnut 
trees  requires  intensive  management.  1 1  is 
well  established  that  weed  control  and  prun- 
ing are  essential  with  the  jury  still  out  on 
fertilization.   However,  from  the  standpoint 
of  multiple  crops,  it  is  possible  that  we  can 
justify  the  additional  expense  to  maintain 
the  plant  in  a  high  state  of  vigor. 

There  is  a  definite  cost  advantage  to 
the  operation  of  a  large  planting.   For  small 
plantings  which  are  widely  separated  and  op- 
erated from  a  central  location  the  costs 
could  easily  double. 
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BLACK  WALNUT  MANAGEMENT  COSTS:   RESULTS  OF  THE  1981  SURVEY 

2 
Timothy  D.  Marty  and  William  B.  Kurtz 


Abstract. — Costs  are  described  for  various  cultural 
practices  related  to  the  management  of  black  walnut.   Av- 
erage costs  were  obtained  from  a  survey  of  Walnut  Council 
members  to  which  91  growers  responded.   A  cash  flow  for  a 
"typical"  walnut  plantation  was  synthesized  from  the  aver- 
age costs  and  timing  of  practices  reported  in  the  survey. 
Our  analysis  indicates  that  a  modest  internal  rate  of  re- 
turn of  6.64  percent  could  be  realized  on  all  costs  made 
prior  to  the  time  of  investment  maturity.   The  present 
net  worth  of  the  cash  flow  would  be  $519.18  per  acre, 
discounted  at  a  5-percent  interest  rate. 


Black  walnut  management  involves  many  de- 
cisions within  the  constraints  of  the  resource 
base  and  subject  to  the  motivations  and  objec- 
tives of  the  individual  grower.   These  deci- 
sions affect  the  amount  and  timing  of  costs  and 
revenues  and  resulting  profitability  of  the 
program.   During  the  summer  of  1980  a  mail  sur- 
vey was  conducted  with  members  of  the  Walnut 
Council  to  further  define  some  of  the  costs  of 
walnut  management.   Results  are  reported  in 
Kincaid  and  Kurtz  (1981). 

In  the  summer  of  1981,  a  similar  ques- 
tionnaire was  mailed  to  Walnut  Council  members 
seeking  cost  information  on  their  walnut  grow- 
ing operations.   Ninety-one  growers  responded. 
Many  of  the  returned  questionnaires  had  unan- 
swered questions  where  treatments  had  not  been 
applied,  or  costs  were  unknown.   The  cumulative 
usable  response,  however,  offers  some  insight 
into  black  walnut  management  as  it  is  being 
practiced  by  members  of  the  Council. 

MANAGEMENT  CONSIDERATIONS 

Responses  to  the  1981  survey  were  coded 
into  50  separate  variables.   These  fall  into 
four  categories  giving  information  on  the 
respondents,  land  and  timber  resources,  costs 
and  revenues . 


Paper  presented  at  the  Walnut  Council/ 
NNGA  Symposium,  West  Lafayette,  Indiana, 
August  9-1  A,  1981. 

2 
The  authors  are  graduate  research  as- 
sistant and  professor,  respectively,  School 
of  Forestry,  Fisheries  and  Wildlife,  Univer- 
sity of  Missouri-Columbia. 


Management  Objectives  and  Motivations 

Walnut  grower  characterization  is  based  on 
management  objective  and  motivation.   Of  the 
respondents ,  45  percent  named  timber  production 
as  their  primary  objective,  27.5  percent  cited 
timber  and  nut  production,  resource  preserva- 
tion was  valued  highest  by  1 1  percent,  and  the 
remaining  16.5  percent  selected  multicropping 
or  a  combination  of  objectives.   Responses  to 
the  question  of  management  motivation  were  di- 
vided almost  evenly  between  three  major  cate- 
gories; personal  satisfaction  (26.4%),  finan- 
cial return  from  timber  and/or  nuts  (23.1%)  and 
long-term  investment  or  speculation  (22.0%). 
This  would  indicate  that  while  a  large  percen- 
tage of  growers  manage  for  timber  or  timber  and 
nuts,  less  than  one-quarter  do  so  for  financial 
return.   Financial  profitability  does  not  ap- 
pear to  be  a  dominant  motivating  factor  in 
walnut  management  for  many  growers. 

Resource  Base 

The  resource  base  is  comprised  of  varia- 
bles representing  stand  area  and  age,  and  land 
value  and  quality  (Table  1).   Areas  of  walnut 
stands  generally  appear  to  be  small.   More  than 
half  of  the  respondents  have  10  acres  or  less 
of  planted  walnut  and  90  percent  have  50  acres 
or  less.   Similarily,  nearly  three-fourths  have 
less  than  10  acres  of  naturally  occurring  wal- 
nut stands,  with  20  percent  indicating  no 
natural  stands. 

Most  walnut  stands  are  also  relatively 
young.   Plantation  age  is  less  than  10  years  on 
81  percent  of  the  land,  with  over  half  being 
less  than  5-years-old.   Natural  stand  age  is  a 
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Table  1. — Summary  of  black  walnut  management  data,  1981  survey  of  black  walnut  growers. 


Category 


Units 


Responses 


Mean 


Standard 
deviation 


Range 


(number) 


Acres  planted 

acres 

85 

19.25 

27.11 

0.0  - 

137.0 

Acres  natural 

acres 

69 

13.54 

20.22 

0.0  - 

85.0 

Site  index 

feet/50  years 

10 

67.70 

8.54 

55 

88 

Land  purchase  price 

$/acre 

74 

375.11 

358.58 

14.0  - 

2000.0 

Land  current  value 

$/acre 

74 

1497.97 

1172.91 

300.0  - 

6500.0 

Number  of  trees 

trees/acre 

76 

458.82 

686.30 

27.0  - 

4840.0 

Stock  cost 

$/tree 

64 

0.28 

0.89 

0.0  - 

7.0 

Site  prep  cost 

$/acre 

62 

27.06 

67.70 

0.0  - 

400.0 

Planting  cost 

$/acre 

56 

45.48 

87.60 

0.0  - 

500.0 

Weed  control 

$/acre 

44 

21.91 

28.28 

0.0  - 

125.0 

Corrective  pruning 

$/acre 

16 

15.01 

16.51 

0.0  - 

50.0 

Corrective  pruning 
Height  pruned 

$/tree 
feet 

33 

10.94 

5.09 

3.0  - 

23.0 

Age  pruned 

years 

28 

12.53 

8.34 

2.0  - 

40.0 

Pruning  cost 

$/acre 

9 

48.11 

55.70 

0.0  - 

150.0 

Thinning  cost 

$/acre 

6 

32.00 

25.81 

5.0  - 

80.0 

Annual  tax 

$/acre/year 

49 

6.81 

10.06 

0.0  - 

50.0 

Management  cost 

$/acre 

19 

20.61 

26.90 

0.0  - 

100.0 

Hourly  labor  wage 

$/hour 

16 

4.19 

1.64 

0.0  - 

8.0 

Respondents  to  May,  1981  survey. 


little  more  evenly  distributed,  but  still  only 
28  percent  of  the  stands  are  older  than  10 
years. 

Only  10  respondents  knew  the  site  index 
of  their  land  (mean  value  67.7)  so  the  descrip- 
tive estimation  of  land  quality  provides  a  bet- 
ter estimate  of  the  type  of  land  being  used  to 
grow  walnut.   Landowners  rated  their  land  as 
excellent  (27%),  good  (55%),  fair  (16.9%)  and 
poor  (1.1%).   Most  of  the  respondents  indicated 
their  land  was  used  as  pasture  or  crops  before 
walnut  production  (79%),  with  only  19  percent 
indicating  woods  as  a  predecessor  to  walnut. 
Two  questionnaires  were  returned  by  people 
growing  walnut  on  land  formerly  mined. 

Land  purchase  price  varied  widely  from 
$14  to  $2000  per  acre,  with  an  average  value 
of  $375.   Price  variation  is  largely  attribu- 
table to  time  of  purchase  (1916-1980);  over 
one-half  of  the  respondents  indicated  their 
land  had  been  purchased  since  1970.   Current 
land  value  was  estimated  at  about  $1500  per 
acre,  with  the  most  frequent  response  being 
$1000  per  acre.  Weighted  mean  land  value  was 
not  calculated. 

Management  Costs 

Costs  associated  with  black  walnut  opera- 
tions are  incurred  at  many  different  times  in 


Site  index  represents  the  average  height 
(feet)  a  tree  will  grow  in  50  years. 


the  course  of  a  rotation.   Cost  variables  in- 
cluded in  the  questionnaire  can  be  grouped  in- 
to the  general  areas  of  site  preparation,  plant- 
ing and  establishment,  weed  control,  pruning, 
thinning  costs  and  annual  taxes. 

Site  preparation 

No  dominant  method  of  site  preparation  is 
apparent.   One-fourth  of  the  respondents  used 
no  site  preparation  at  all,  one-fourth  used  plow 
and  disc,  and  the  remainder  used  mowing,  chemi- 
cals or  some  combination  of  these  methods.   Some 
45  percent  of  the  owners  listed  no  site  prepa- 
ration cost,  apparently  either  choosing  to  not 
place  a  cost  on  their  labor,  or  only  a  small 
percentage  of  their  land  required  preparation 
due  to  prior  management  practices  (i.e.,  pas- 
ture/crop).  Of  those  who  did  list  a  cost,  the 
average  value  was  $27  per  acre. 

Planting 

Planting  was  most  frequently  done  with  a 
spade  (38%),  bar  (18%),  machine  (15%)  or  auger 
(15%) .   Over  90  percent  of  the  respondents 
planted  seedlings.   Average  seedling  cost  was 
$0.25  per  tree,  although  a  large  number  of  in- 
dividuals indicated  they  had  received  free  seed- 
lings.  Average  planting  cost  was  about  $45  per 
acre.   No  correlation  could  be  found  between 
planting  cost  and  planting  method.   Planting  was 
done  at  an  average  of  458  trees  per  acre,  ap- 
proximately a  10-foot  x  10-foot  spacing.   Only 
15  percent  of  the  planting  was  contracted  out, 
the  remainder  (85%)  was  done  by  the  landowners 
at  an  average  time  of  15  hours  per  acre. 
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Weed  control 

Weed  control  most  often  involved  some  com- 
bination of  mowing  and  chemicals  (49%).   This 
was  accomplished  at  a  cost  of  about  $22  per 
acre.   When  chemicals  were  used,  they  were 
usually  spot  applied  at  an  average  diameter  of 
about  3  feet. 

Pruning  and  thinning 

It  is  difficult  to  draw  conclusions  rela- 
tive to  corrective  pruning  because  of  the  low 
response  rate.   Landowners  appear  to  either 
not  have  practiced  or  lack  adequate  records  of 
these  silvicultural  treatments.   Corrective 
pruning  usually  takes  place  at  ages  three  and 
four  years.   The  cost  of  corrective  pruning 
averaged  about  $15  per  acre,  and  about  9  hours 
of  labor  per  acre  were  required.   Cost  is  low 
in  relation  to  the  labor  requirement  because 
over  one-third  of  those  answering  the  question 
assigned  no  cost  to  their  corrective  pruning, 
apparently  counting  their  own  labor  as  zero. 
Pruning  is  generally  done  at  the  age  of  12 
years,  to  a  height  of  11  feet,  at  an  average 
cost  of  about  $48  per  acre.   Thinning  was 
indicated  by  only  seven  landowners  at  an  aver- 
age age  of  19  years  and  cost  of  $32  per  acre. 
It  is  likely  that  because  of  the  young  age  of 
many  of  the  stands,  as  noted  earlier,  no  thin- 
ning has  been  needed  thus  far. 

Taxes  and  management 

Two  additional  costs  included  in  the  sur- 
vey were  annual  tax  and  management.   Averages 
are  $6 . 80  per  acre  for  annual  tax  and  $20  per 
acre  for  the  management  cost.   Most  landowners 
reported  paying  less  than  $5.00  per  acre  annual 
tax,  but  several  respondents  indicated  paying 
in  excess  of  $20.00  per  acre  which  inflated  the 
average  value.   Further  refinement  is  needed  in 
the  questionnaire  to  more  accurately  determine 
these  costs.   Future  questionnaires  will  list 
the  specific  items  to  be  included  as  management 
costs. 

ECONOMIC  MODEL 

An  economic  model  was  developed  based  on 
the  cash  flows  described  in  the  preceding  sec- 
tion.  This  model  represents  a  "typical"  acre 
under  black  walnut  management  for  veneer  pro- 
duction utilizing  the  timing  and  dollar  magni- 
tude of  the  various  management  practices  ob- 
served from  the  survey  results.   In  order  to 
preserve  consistency  within  the  model,  land 
purchase  and  holding  costs,  annual  taxes  and 
management  costs  have  not  been  included.   The 
categories  of  practices  in  the  model  and  their 
respective  costs  and  times  of  application  are 
shown  in  Table  2. 


Table  2. — Black  walnut  management  cash  flow. 


Category 


Year(s) 
incurred 


Cost 


($  per  acre) 


Site  preparation 

Planting  stock 

Planting 

Initial  weed  control 

Weed  control 

Corrective  pruning 

Pruning    (10    feet) 

Pre-commercial   thinning 

Pruning  (17  feet) 

Thinning 

Thinning 


0 

27.00 

0 

126.00 

0 

45.50 

0 

22.00 

1-3 

22.00 

3-4 

15.00 

10 

48.00 

15 

50.00 

16 

48.00 

30 

0.00 

40 

0.00 

Category 


Year 


Revenue 


Thinning 
Final  harvest 


48 
60 


($  per  acre) 

520.00 
6102.00 


Our    "typical"   one    acre   stand   is    located  on 
a   low-  to  moderate-quality  site   capable   of   sus- 
taining a  one-third  inch  per  year  growth   rate. 
To   obtain  veneer  quality   material   over    the 
course  of   the  rotation,    a  60-year   length  was 
assumed.      Initial   costs    include   site   prepara- 
tion   ($27/acre) ,   planting  stock    (450  seedlings 
@    $.25/seedling) ,    planting    ($45 .50/acre)    and 
initial  weed    control    ($22/acre).      Additional 
weed   control  would   be   administered   in  years   one 
through   three    at   a  cost   of   $22   per  acre.      In 
years  three  and  four  corrective  primings  would 
cost    $15   per   acre.      Two   prunings   are  planned  at 
age    10    to    a  height   of    10   feet,    and  at    age    16   to 
a  height  of   17   feet. 

A  precommercial   thinning   at   age    15   costs 
$50   per   acre    (225   trees    removed   @    $.22   per 
tree).      Two  self-supporting   thinnings   are   plan- 
ned   for   years    30   and   40.      In   these   operations 
the   revenue   received   from  the   sale   of   removed 
material   is   presumed   to   offset   the   cost   of 
thinning.        Seventy-five    trees    are   removed  in 
year   30   and    110   trees   in  year   40. 

A  commercial  thinning  of  13  trees  occurs 
in  year  48,  returning  $520.   These  trees  should 
average  just  over  16  inches  dbh  and  contain  60 
bd.  ft.  per  stem.   A  current  average  stumpage 
price  of  $.67  per  board  foot  was  used  to  calcu- 
late the  value  of  this  thinning  material.   Fi- 
nal harvest  of  27  trees  at  rotation  end  in  year 
60  produces  $6,102  in  revenue.   It  is  antici- 
pated that  these  trees  will  average  20  inches 
dbh  and  yield  around  100  bd.  ft.  per  tree.   A 
current  average  stumpage  price  of  $2.13  per  bd. 
ft.  was  used  to  calculate  the  value  of  the 
material  removed  during  the  final  harvest.   All 
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revenues  were  inflated  at  a  1.5  percent  annual 
rate  to  arrive  at  the  future  value  of  stumpage 
produced.  This  figure,  based  on  observable 
trends  within  the  walnut  stumpage  market,  rep- 
resents the  average  annual  price  increase  over 
and  above  all  other  costs  and  returns  (Hoover 
1978). 

It  should  be  noted  that  no  revenues  from 
nut  production  were  included  in  the  model. 
However,  as  shown  by  Garrett  and  Kurtz  (1981), 
substantial  increases  in  profitability  can  ac- 
crue to  a  walnut  producing  enterprise  by  in- 
cluding nut  production  in  the  management 
scheme. 

The  internal  rate  of  return  (IRR)  yielded 
by  this  "typical"  plantation  was  6.64  percent. 
This  represents  the  average  interest  rate 
earned  on  all  costs  prior  to  the  time  of  in- 
vestment maturity  at  the  end  of  the  rotation. 
Present  net  worth  (PNW)  of  the  investment  com- 
puted at  a  5  percent  interest  rate  was  $519.18 
per  acre.   This  is  the  net  value  of  all  costs 
and  revenues  discounted  back  to  the  present 
time  at  a  5  percent  interest  rate.   Obviously 
if  land  costs  exceed  $500  per  acre  the  invest- 
ment, as  structured  here,  will  not  yield  a  5 
percent  return.   This  finding  is  consistent 
with  returns  to  the  "basic"  black  walnut  en- 
terprise model  developed  by  Callahan  and  Smith 
(1974). 


treatment  cost  averages  we  have  presented  are 
important,  not  only  to  each  other  but  also  to 
the  overall  enterprise.   Black  walnut  growers 
must  be  familiar  with  their  treatment  costs  as 
a  matter  of  good  business  practice. 
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CONCLUSIONS 

Investment  in  black  walnut  as  structured 
for  our  "typical"  plantation  yields  modest  re- 
turns.  Our  analysis  does  show  that  walnut  is 
being  managed  in  a  profitable  fashion.   Treat- 
ment costs  involve  only  a  very  small  portion 
(less  than  10%)  of  all  costs  of  the  walnut  en- 
terprise.  These  expenditures  yield  substantial 
benefits  through  increased  size  and  higher 
quality  material  at  harvest. 

Increased  returns  to  black  walnut  manage- 
ment can  be  achieved  from  various  factors  not 
specifically  addressed  in  this  analysis.  Man- 
agement for  nut  production  and/or  the  adoption 
of  a  multicropping  management  scheme  both  have 
the  potential  for  enhancing  the  profitability 
of  the  basic  wood  producing  enterprise. 

Obviously,  the  plantation  as  constructed 
is  "typical"  only  in  the  sense  that  it  repre- 
sents an  average  based  on  the  various  manage- 
ment experiences  of  a  group  of  walnut  growers. 
It  should  be  kept  firmly  in  mind  that  the  sam- 
ple group  has  widely  divergent  management  objec- 
tives and  motivations  as  well  as  different 
socioeconomic  characteristics.   Nonetheless, 
this  should  not  deter  from  the  usefulness  of 
our  analysis  in  describing  the  responses  to 
the  1981  survey.   The  relationships  of  the 
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A  CRITICAL  LOOK  AT  THE  EXPECTED  RETURN  ON 
INVESTMENT  FROM  PLANTING  BLACK  WALNUT  SEEDLINGS1 
By  Dwight  R.  McCurdy 


Before  investing  money,  time,  and  land  in 
planting  black  walnut  seedlings  several  fac- 
tors should  be  considered  by  anyone  placing  a 
positive  value  on  their  money.   First,  a  person 
should  realize  any  money  spent  purchasing, 
planting,  and  caring  for  walnut  seedlings  has 
a  greater  cost  than  the  out-of-pocket  expen- 
ditures for  the  seedlings.   To  illustrate,  if 
$100  are  to  be  spent  in  purchasing  and  planting 
seedlings,  the  owner  before  making  the  invest- 
ment has  at  least  two  alternatives: 
(1)  putting  the  $100  in  a  coffee  can  and 
burying  it,  and  (2)  placing  the  money  in  a 
relatively  risk  free  federally  insured 
savings  account.   Assuming  40  years  passes, 
the  amount  in  the  coffee  can  (assuming  it  can 
be  found)  will  still  be  $100.   However,  the 
money  in  the  savings  account  would  be  $1,498 
if  the  bank  paid  seven  percent  compounded 
annually.   To  be  completely  accurate,  the  in- 
vestor would  only  have  $1,048.60  after  taxes 
if  he  was  in  the  30  percent  income  tax 
bracket.   Therefore,  the  person  planting  the 
walnut  seedlings  should  have  at  least 
$1,048.60  after  selling  the  trees  and  after 
taxes  (assuming  no  other  costs) .   The  actual 
amount  the  walnut  investor  will  receive  from 
his  investment  will  depend  on  many  factors — 
some  of  which  are  listed  below: 

1.  The  amount  of  money  for  which  walnut 
trees  can  be  sold  at  maturity; 

2.  The  additional  monetary  costs  and 
returns  resulting  from  growing  the 
walnut  trees; 

3.  Other  costs  and  returns  (externali- 
ties) that  result  to  the  investor 
from  growing  walnut  trees; 

4.  The  opportunity  for  additional 
investment  alternatives;  and 
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5.   The  risks  and  uncertainties  involved 
in  growing  walnut  trees. 

Table  I  contains  the  estimated  costs  and 
returns  per  acre  for  an  hypothetical  walnut 
investment.   This  "basic  model"  of  a  black 
walnut  plantation  was  developed  by  Callahan 
and  Smith  in  1974.   It  should  be  recognized 
these  costs  and  returns  were  developed  for  a 
specific  site  and  were  based  on  several 
assumptions.   For  example,  sites  vary  in 
suitability  for  walnut  timber  production. 
The  rate  the  trees  grow  and  the  survival  rate 
for  individual  trees  will  vary  between  sites. 
These  two  assumptions  are  major  factors 
affecting  the  profitability  of  the  investment. 
Therefore,  as  a  minimum  a  forester  should  con- 
duct a  site  analysis  to  determine  the  expected 
growth  and  survival  rates  relative  to  the 
appropriate  silviculture  treatments  needed 
for  walnut  timber  production. 

In  critically  analyzing  the  applicability 
of  Callahan's  basic  model  (for  an  hypothetical 
walnut  investment)  for  other  walnut  investment 
opportunities  we  will  first  discuss  Item  One, 
Table  I,  land  cost.   It  is  well  accepted  that 
land  values  vary  widely  thereby  making 
generalizations  about  the  return  on  investment 
from  a  given  site  suspect.   However,  it  is 
recommended  that  land  values  not  be  included 
in  walnut  investment  analyses.   Land  in  itself 
is  an  investment  and  appreciates  in  value 
regardless  of  use  as  long  as  its  character 
isn't  degraded.   This  appreciation  in  land 
value  may  be  at  a  faster  rate  than  the  re- 
turns from  the  land's  use  thereby  making  the 
combined  investments  of  land  and  land  use 
appear  better  than  the  investment  in  land  use 
alone.   It  should  be  pointed  out  this  situa- 
tion is  nearly  100  percent  valid  relative  to 
forest  production  investments.   For  example, 
land  values  may  increase  at  a  rate  of  10  per- 
cent compounded  annually  in  comparison  to  less 
than  5  percent  obtained  from  monies  invested 
specifically  in  timber  production.   One  nega- 
tive aspect  of  leaving  out  land  costs  (or 
value)  is  that  holding  or  opportunity  costs 
of  the  land  over  the  investment  period  are  not 
accounted  for  in  the  analysis. 
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The  second  expense  item  in  Table  I  con- 
tains the  initial  establishment  costs  other 
than  seedling  and  planting  expenses.   These 
expenses  could  vary  from  nothing  to  a  rela- 
tively large  amount  depending  on  the  condition 
of  the  land.   For  example,  fencing  to  prevent 
grazing  by  cattle  may  be  necessary. 

The  third  expense  item,  cost  of  the 
planting  stock,  is  a  critical  item  since  it 
depends  on  the  spacing  between  seedlings  and 
in  turn  spacing  dictates  the  number  of  seed- 
lings per  acre.   Spacing  also  affects  (1)  the 
silvicultural  treatment  costs,  (2)  expected 
growth  rates,  and  (3)  quality  of  the  harvested 
stem.   For  example,  spacing  may  vary  from 
10  x  10  feet  (435  trees  per  acre)  to  40  x  40 
feet  (27  trees  per  acre). 

The  fourth  expense  item,  planting  costs, 
can  also  vary  widely  between  investment  oppor- 
tunities.  For  example,  one  site  may  be 
suitable  for  machine  planting  with  no  site 
preparation  expenses  while  at  the  other  ex- 
treme another  site  may  require  hand  planting 
and  then  only  after  bulldozing  a  residual 
stand  of  undesirable  trees. 


Not  only  should  the  silvicultural  pre- 
scriptions vary  between  sites  (investment 
situations) ,  the  costs  of  accomplishing  a 
specific  task  such  as  pruning  will  differ  be- 
tween investors.   For  example,  one  landowner 
may  already  own  the  equipment  needed  and  he 
might  also  have  the  skill  to  perform  the  tasks, 
while  on  the  other  hand,  another  investor  may 
be  required  to  hire  the  complete  performance 
of  the  task.   More  specifically,  one  person 
may  own  "old"  equipment  resulting  in  a  small 
capital  investment  while  a  second  person  may 
have  "new"  equipment  with  a  comparatively 
higher  capital  investment  but  lower  operation 
costs . 

A  more  important  consideration  when  cal- 
culating the  expected  expenses  is  the  fact  most 
expenses  occur  in  the  future  requiring  the  in- 
vestor to  be  a  futurist.   The  model  as  presented 
by  Callahan  specified  no  increase  in  silvicul- 
ture treatment  costs  for  like  tasks  thereby 
assuming  that  today's  expenses  will  remain 
parallel  to  inflation  in  amount.   However, 
recent  history  has  demonstrated  silvicultural 
treatment  expenses  increase  at  a  greater  rate 
than  inflation. 


The  next  seven  expense  items  are  speci- 
fied by  a  given  silvicultural  prescription 
which  should  vary  with  site  conditions.   As 
mentioned  earlier,  a  forester  should  be  con- 
sulted to  determine  the  alternative  silvicul- 
tural treatments  that  will  be  needed  for  the 
specific  site  being  considered.   For  example, 
Callahan  selected  his  hypothetical  treatments 
from  the  following  alternatives: 

Method  1.   Completely  disk  the  planting 
area  and  control  subsequent 
weed  growth  by  the  application 
of  chemicals. 

Method  2.   Completely  disk  the  planting 
area  and  control  subsequent 
weed  growth  by  cultivation. 

Method  3.   Completely  disk  the  planting 
area  and  limit  subsequent 
weed  control  to  spots  or 
strips  around  the  planted 
tree  with  weeds  between 
treated  areas  controlled  by 
mechanical  means  such  as 
mowing  or  cultivation. 

Method  4.   Completely  disk  the  planting 

area  and  limit  subsequent  weed 
control  to  spot  weed  control 
around  individual  trees  using 
chemicals. 


Expense  item  12,  administrative  costs 
such  as  taxes,  insurance,  etc.,  which  occur 
annually  seem  relatively  small  but  when 
accumulated,  these  expenses  result  in  a  large 
proportion  of  the  total.   In  fact,  a  small 
variation  in  the  amount  of  administrative 
expenses  can  significantly  effect  the  profita- 
bility of  the  investment. 

The  final  expense  item  in  Callahan's 
basic  model,  self-supporting  thinning,  was 
placed  at  zero  costs  under  the  assumption  it 
should  be  done  with  revenues  from  fence  posts. 
Here  again,  if  there  is  no  market  for  fence 
posts,  firewood,  etc.,  the  profitability  of 
the  investment  is  greatly  reduced.   Further- 
more, if  proper  thinnings  are  not  performed 
the  length  of  time  to  final  harvest  is  sig- 
nificantly lengthened.   The  time  period  between 
planting  and  final  harvest  is  one  of  the  major 
elements  in  determining  the  size  of  the  return 
on  the  investment. 

On  the  other  side  of  the  ledger  are  the 
revenues  generated  from  the  walnut  investment. 
The  amount  of  revenues  is  dependent  to  a  great 
extent  on  the  quantity  and  quality  of  timber 
available  for  thinning  and  harvest.   But,  as 
mentioned  earlier,  timber  availability  is  in 
turn  dependent  on  site  conditions,  spacing, 
silvicultural  treatments  and  environmental 
conditions  (climatic,  disease,  insect,  etc.) 
over  the  life  of  the  treatment.   All  these 
can  vary  dramatically  for  different  investment 
opportunities.   For  example,  survival  of 
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planted  seedlings  to  maturity  can  vary  from 
less  than  10  percent  to  over  80  percent. 
Also,  the  volume  per  acre  at  50  years  can 
vary  between  2,000  and  16,000  board  feet 
depending  on  the  site  and  original  spacing. 

Also,  similar  to  expenses,  most,  if  not 
all,  revenues  occur  in  the  future  thereby 
making  realistic  estimates  difficult.   For 
example,  the  price  received  from  the  walnut 
timber  varies  significantly  with  the 
following: 

1.  The  form  in  which  the  timber  is 
sold;  such  as  (1)  on  the  stump, 
(2)  as  logs  at  the  logging  site, 
or  (3)  as  logs  delivered  to  the 
buyer; 

2.  The  market  conditions  at  the  time 
of  the  sale.   The  timber  industry 
is  very  cyclic  relative  to  prices 
since  the  demand  is  derived  from  the 
demand  for  a  finished  product  of 
much  greater  relative  value;  and 

3.  The  product  into  which  the  timber 
will  be  processed;  such  as  lumber 
versus  veneer.   Veneer  walnut  is  the 
only  product  having  sufficient  value 
to  even  consider  possible  investment. 
If  an  export  market  is  available  the 
chance  to  receive  favorable  veneer 
prices  is  also  enhanced  since  export 
prices  generally  are  much  higher  than 
domestic  prices. 

In  Callahan's  basic  model,  prices  were 
assumed  to  remain  parallel  to  inflation  as 
indicated  by  using  1974  prices.   However, 
unlike  expenses,  prices  over  the  recent  past 
have  paralleled  inflation.   For  example, 
average  walnut  prices  in  Illinois  between 
1967  and  1976  increased  83  percent  and  the 
wholesale  price  index  also  increased  83 
percent  (McCurdy,  1977). 


1.  All  returns  should  be  after  taxes 
have  been  deducted.   Forestry,  be- 
cause of  capital  gains,  has  an 
advantage  relative  to  land  uses 
returning  annual  revenues. 

2.  The  rate  of  returns  should  be  ad- 
justed for  risk  and  uncertainty.   For 
example,  the  probability  of  not  re- 
ceiving the  estimated  future  revenues 
is  generally  greater  with  forest  in- 
vestments in  comparison  with  most 
other  land  use  investments. 

3.  The  externalities  from  the  invest- 
ments should  be  compared.   For 
example,  forest  investments  often 
enhance  the  recreation  values  re- 
ceived from  a  tract  of  land. 

4.  If  the  investment  is  to  be  continued 
by  heirs,  what  is  the  probability 
they  will  have  the  same  time 
preference  for  their  money  as  the 
original  investor  and  an  identical 
interest  in  forestry  or  natural 
resources.   The  rate  of  change  in 
land  ownership  on  the  average  indi- 
cates the  above  probability  is  very 
small. 


CONCLUSION 

When  analyzing  the  potential  return  on 
investment  from  black  walnut  timber  production, 
site  and  time  specific  estimates  are  needed 
relative  to  the  expected  costs  and  returns. 
Generalizations  from  data  published  from 
other  sites  and  ownership  conditions  can  lead 
to  significant  differences.   In  jiost  cases, 
the  assistance  of  a  consulting  forester  is 
advised. 
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When  determining  the  return  on  invest- 
ment, the  present  or  discounted  value  of  all 
expenses  must  be  equalled  with  the  present 
value  of  all  revenues  (Column  5,  Table  I). 
The  discount  or  interest  rate  that  results  in 
expenses  equalling  revenues  is  the  rate  of 
return  on  investment.   For  Callahan's  basic 
model,  with  land  values  being  eliminated,  the 
rate  of  return  was  6.5  percent. 

It  is  this  6.5  percent  that  the  investor 
should  compare  with  his  alternative  opportuni- 
ties such  as  placing  his  money  in  a  can, 
savings  account,  etc.   However,  to  be  rational 
the  following  adjustments  must  be  made  to  the 
return  on  investments  being  compared: 


Callahan,  John  C. ,  and  Robert  P.  Smith.   1974. 
An  Economic  Analysis  of  Black  Walnut 
Plantation  Enterprises.   Purdue 
University,  Agricultural  Experiment 
Station  Research  Bulletin  No.  912,  20  p., 
West  Lafayette,  Indiana. 

McCurdy,  Dwight  R.   1977.   Illinois  Timber 
Prices  1967-76.   Southern  Illinois 
University,  Department  of  Forestry 
Publication,  39  p.,  Carbondale,  Illinois. 


140 


Table  1.   Basic  Model  of  a  Black  Walnut 

Plantation  Investment,  Per  Acre. 
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EXPENSES : 

1. 

Land 

0 

350 

N.A. 

2. 

Initial  Establishment 

0 

70 

70 

3. 

Planting  Stock 

0 

30 

30 

4. 

Planting 

0 

25 

25 

5. 

Weed  Control  (Culti- 
vation &  Chemical) 

0 

35 

35 

6. 

Weed  Control  (Chemica 

1)  2 

15 

13 

Corrective  Pruning 

10 

8 

7. 

Weed  Control  (Chemica 

1)  3 

15 

12 

Corrective  Pruning 

10 

8 

8. 

Weed  Control  (Chemica 

1)  4 

15 

11 

Corrective  Pruning 

10 

7 

9. 

Pruning  to  8  feet 

8 

90 

54 

10. 

Pruning-50  select 
t.p.a. 

13 

50 

22 

11. 

Thinning 

15 

0 

— 

12. 

Annual  Charges 

1-50 

10 

144 
439 

REVENUES : 

13. 

Thinning 

25 

50 

10 

14. 

Thinning 

35 

200 

22 

15. 

Final  Harvest 

50 

9500 

407 

16. 

Terminal  Land  Value 

50 

350 

N.A. 
439 

Source:   Callahan  and  Smith,  1974. 
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WALNUT  RESOURCE:   AVAILABILITY  AND  UTILIZATION 

Presented  at  the  NNGA/Walnut  Council  Joint  Meeting 
Purdue  University,  West  Lafayette,  Indiana,  August  13,  1981 

Larry  R.  Frye,  Executive  Director 
Fine  Hardwoods/ American  Walnut  Association 
Indianapolis,  Indiana 


Abstract  --  Walnut  Resource:  Availability  and  Utilization 

High  quality  black  walnut  trees  for  lumber,  veneer,  and  gun- 
stocks  are  still  in  a  somewhat  short  supply.  The  outlook  for 
their  demand  is  excellent.  Current  hardwood  forestry  programs 
need  to  reach  more  landowners;  and  hardwood  forestry  education 
must  become  more  effective  to  insure  adequate  supplies  of  these 
valuable  raw  materials  for  the  future.  Utilization  of  the 
entire  tree  is  likely  to  continue  to  become  a  reality  as  the 
use  of  wood  as  an  energy  source  increases. 


When  you  ask  a  member  of  the  industry  today 
about  the  walnut  resource,  he  is  likely  to 
tell  you  "good  walnut  trees,  or  for  that  matter, 
good  trees  of  any  species,  are  hard  to  find." 

In  1966  at  the  Walnut  Workshop  in  Carbondale, 
Illinois,  Steve  Boyce  started  his  speech  with 
a  statement  "large  diameter,  high  quality 
veneer  and  sawlogs  -  these  are  the  walnut 
timber  products  in  critical  shortage."  In  the 
abstract  written  for  a  paper  presented  at  the 
1973  Black  Walnut  Symposium,  Jim  Blythe  said, 
"rising  prices  with  fluctuating  demand  indi- 
cate a  scarcity  of  high  quality  walnut,  a 
need  for  more  efficient  and  complete  utiliza- 
tion of  the  walnut  resource,  and  the  necessity 
for  reducing  costs  in  domestic  manufacturing 
of  walnut  products  so  they  can  remain  competi- 
tive with  substitutes  and  foreign  products." 

Here  we  are,  not  quite  ten  years  later,  and 
we  still  have  most  of  the  same  problems.  The 
buyer  of  walnut  timber,  for  nearly  twenty  years 
has  had  to  buy  trees  that  are  smaller  in  both 
diameter  and  in  total  height.  He  has  had  to 
buy  trees  with  more  pin  knots,  frost  cracks, 
spiral  grain,  and  other  factors  that  reduce 
the  yield  from  the  logs.  At  the  same  time 
competition  for  the  raw  material  has  forced 
the  cost  of  logs  to  skyrocket  upwards. 

The  demand  for  black  walnut  has  helped  motivate 
timber  management  by  allowing  for  more  profit 
on  the  part  of  the  landowner,  and  the  industry 


recognizes  the  necessity  of  landowner  profits 
and  knows  it  can  and  should  result  in  more 
management.   Unfortunately,  all  too  often  the 
landowner,  or  his  or  her  heirs  immediately 
sold  the  timber  and  failed  to  return  any  of 
this  money  back  into  a  forest  management  pro- 
gram. Often  with  heirs,  it  is  strictly  a 
case  of  raping  the  land  for  whatever  dollar 
value  they  can  derive. 

As  we  look  into  the  future,  we  feel  that 
walnut  will  continue  to  be  readily  available, 
but  the  quality  problems  will  continue.  The 
challenge  to  foresters  and  landowners  is  al- 
most frightening.   Somehow,  we  have  to  motivate 
the  people  who  own  the  land  growing  hardwood 
timber  to  do  a  much  better  job  of  managing 
the  trees.   For  nearly  a  hundred  years  we 
have  heard  the  cries  from  the  wilderness  that 
we  are  going  to  run  out  of  timber  and  that 
some  species  will  become  extinct.  We  know 
this  can  happen,  but  we  also  know  there  are 
tremendous  opportunities  to  make  sure  that 
this  does  not  happen. 

In  his  report  to  the  Indiana  State  Board  of 
Agriculture  for  year  1880,  Professor  C.  I. 
Ingersoll  of  Purdue  University  indicated  that 
about  85%  of  the  black  walnut  resource  in  the 
State  of  Indiana  had  been  disposed  of.  Pro- 
fessor Ingersoll  warned  the  people  of  Indiana 
not  to  destroy  their  forests.  To  quote  him, 
"if  the  cornfield  is  destroyed,  it  can  be 
restored  in  a  single  season,  but  when  the 


142 


forest  is  destroyed,  a  hundred  years  are  re- 
quired for  its  full  restoration."  To  continue 
from  Professor  Ingersoll,  he  stated  "go  with 
me  if  you  please  to  some  of  the  countries  of 
Europe  and  Asia,  and  read  there  the  silent 
admonishments  stamped  by  the  absence  of  wood- 
lands for  centuries." 

The  lessons  are  well  documented,  unfortunately 
only  a  few  eyes  have  seen  them.   It  is  time  in 
America,  particularly  here  in  the  midwest,  when 
we  stand  up  and  admit  that  we  are  not  doing  the 
job  in  hardwood  forestry.  We  can  kid  ourselves 
and  we  can  say  that  we  are  growing  more  timber 
than  what  we  are  using.  We  can  justify  reasons 
for  land  clearing.  We  can  bow  down  to  the 
interests  of  corn,  soybeans,  and  other  row 
and  pasture  crops.  We  can  excuse  the  utility 
right-of  ways,  and  the  home  builders  and  the 
real  estate  people  for  taking  our  tracts  of 
timber  and  making  them  into  the  finest,  most 
expensive  homes  in  the  area.  We  can  come  up 
with  many  excuses,  but  if  you  are  satellited 
with  the  responsibility  of  finding  timber  to 
operate  a  mill  Monday  through  Friday,  then 
you  know  from  your  own  experience  and  in  your 
own  heart  that  the  course  we  are  on  today 
will  not  lead  us  to  a  land  of  plenty. 

As  we  sit  in  meetings,  we  hear  how  the  wilder- 
ness and  preservation  people  are  demanding 
that  more  acres  each  year  be  locked  up,  never 
to  be  managed  again  for  multiple-use  purposes. 
Those  of  us  in  the  timber  business  and  many  of 
you  in  the  forestry  profession,  for  the  most 
part,  do  not  go  along  with  these  theories. 
Yet,  we  sit  in  these  same  meetings  and  often 
do  not  speak  up,  and  we  do  not  move  forward 
with  programs  of  our  own.  We  seem  to  always 
be  defending  our  actions.   If  the  preservation 
groups  continue  to  insist  on  having  single  - 
purpose  management  areas  set  aside,  then  we 
probably  should  demand  that  single-purpose 
areas  be  set  aside  for  timber  production  and 
timber  production  only.   It  has  been  said 
many  times  that  the  best  defense  is  a  good 
offense.  We  have  got  to  get  busy,  if  we  are 
going  to  remain  in  this  ball  game  at  all. 

Fortunately,  it  is  not  too  late.  There  is 
still  time  to  turn  hardwood  forest  management 
in  America  around,  but  I  challenge  all  the 
landowners,  all  the  industry,  all  the  individuals 
working  in  this  field  to  stop  fooling  around 
and  get  down  to  the  business  at  hand  of  prac- 
ticing those  forest  management  techniques  which 
are  already  known.  The  day  may  come,  heaven 
forbid,  when  we  will  have  to  legislate  the 
practices  that  we  know  have  to  be  incorporated 


if  we  are  going  to  continue  to  have  adequate 
timber  supplies  in  America. 

The  other  part  of  my  assignment  is  to  talk 
about  utilization.   I  believe  that  we  have 
come  a  long  way  in  America,  particularly  in 
the  softwoods  and  we  are  doing  quite  well  in 
the  hardwoods,  at  using  almost  the  entire  tree. 

At  the  mill  level,  the  progress  is  apparent. 
You  rarely  see  the  piles  of  bark  and  sawdust. 
In  most  cases  you  do  not  see  the  scrap  that 
was  once  taken  to  the  backside  of  the  mill 
and  bulldozed  over  the  hill.  We  are  now 
using  the  bark  for  landscape  and  mulch,  if 
we  are  not  burning  it  along  with  the  sawdust 
and  the  other  edges  and  trimmings  as  an 
energy  source  for  the  mill.  We  are  working 
harder  to  find  markets  for  all  grades  of 
hardwood  lumber  and  veneer.  At  the  Associa- 
tion level,  we  have  for  many  years  been  in- 
volved in  a  character  marked  program  to  pro- 
mote the  use  of  all  the  grades  that  are  de- 
veloped in  the  manufacturing  process. 

In  the  woods  we  still  have  work  to  do.   It  is 
true  that  we  find  a  lot  of  tops,  limbs,  and 
unmerchantable  trees  still  left  in  the  woods. 
This  material  will  in  time  be  used.  We  are 
currently  seeing  interest  for  fuelwood.   I 
believe  the  day  will  come  when  the  industry 
will  have  a  crew  to  chip  this  material  and 
take  it  back  to  the  mill  to  add  to  the  energy 
source.  We  should  all  be  thankful  for  the 
research  currently  underway  in  this  area. 

To  the  growers  of  the  resource  I  can  say  that 
the  outlook  is  good.  Raw  material  prices  have 
taken  only  one  direction  in  recent  years,  and 
that  has  been  upward.   Granted  it  has  cycles, 
but  the  general  trend  is  upward  and  I  do  not 
see  how  it  can  go  any  way  other  than  up  from 
now  on,  which  is  good  news  for  you  because 
you  can  make  forest  management  investments 
with  the  confidence  of  a  good  return  on  your 
investment. 

Whether  the  industry  can  keep  up  with  the 
money  market  and  the  high  prime  rate  is 
questionable.  Whether  or  not  anyone  can 
keep  up  with  the  prime  rate  is  questionable. 
This  is  one  of  the  most  serious  problems 
facing  the  industry.   With  the  high  prime 
rate  and  the  business  slow,  demand  for  timber 
is  likely  to  soften  slightly.   So  it  is  to 
your  advantage  to  see  the  prime  come  down. 
Hopefully,  at  the  same  time  inflation  will 
be  lowered,  and  this  country  will  return  to 
a  somewhat  stable  and  normal  economic  situa- 
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tion  again. 

I  am  optimistic  that  the  future  for  hardwood  i 
lumber  and  veneer  is  excellent.  We  all  know 
that  the  children  of  the  population  explosion 
that  occurred  in  the  late  1940 's  have  now 
moved  into  the  prime  buying  age  bracket.  They 
will  be  buying  homes  and  they  will  be  filling 
those  homes  with  furniture,  which  means  more 
demand  for  your  timber  products.  With  all 
other  factors  being  normal,  we  expect  excellent 
business  throughout  the  1980's.   By  the  time 
the  war  babies  move  on  to  an  older  age  bracket, 
where  they  may  not  buy  so  much,  we  will  be 
more  into  a  worldwide  market,  which  again  will 
brighten  the  prospects  and  opportunities  for 
the  timber  growers  of  the  midwest. 
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BUYERS  PERSPECTIVE  ON  MARKETING  WALNUT  TREES 

Presented  at  the  NNGA/Walnut  Council  Joint  Meeting 
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Neal  E.  Jennings,  Timber  Buyer  --  Forester 

Missouri  Valley  Walnut  Company 

Lincoln,  Nebraska 


Abstract  --  Buyers  Perspective  on  Marketing  Walnut  Trees 

Marketing  walnut  timber  is  a  business  transaction  between 
a  willing  buyer  and  a  willing  seller.  The  value  the  seller 
receives  is  the  approximate  difference  between  the  end 
value  of  products  produced  from  the  tree/log  mix  involved 
in  the  sale  and  all  related  costs  and  profit.  The  stumpage 
value  is  determined  by  a  buyer  who  estimates  value  based 
upon  evaluation  of  location,  size,  and  defects. 


After  a  sale,  trees  are  cut,  bucked  into  logs 
and  transported  to  a  mill  for  processing  or 
re-sale.  The  movement  from  landowner  to  mill 
may  take  several  routes : 


Landowner 


Independent, 
buyer 


Company, 
buyer 


Mill 


Landowner _»    Company  buyer ^  Mill 

Landowner  or  Independent  buyer ^  Mill 


Timber  sales  are  transacted  in  many  ways,   but 
in  all   cases  the  timber  buyer  pays   for  a 
given  number  of  trees.     The  most   common  selling 
methods   are : 

1)  Lump  Sum  Sale — On  a  given  piece  of  land  the 
buyer  pays   for  all  usable  timber  within 
given  agreed  upon  constraints,   eg.     All 
walnut  over  16  inches,   all  merchantible 
red  oak,   and  hackberry  over  14  inches. 

2)  Sealed  Bids--This  method  is  essentially  the 
same  as   a  lump  sum  sale,   except  sealed  bids 
are  submitted  by  buyers.      Bids  are  opened 
by  the  seller  at  a  given  place  and  time. 

3)  Percentage — An  agreement  between  the   land- 
owner and  buyer:      the  buyer  cuts  the  trees 
and  then  sells  to  one  or  more  company 
buyers.     The  buyer  and  seller  divide 
proceeds  based  upon  predetermined  per- 
centage of  gross   receipts. 


4)  Dollars  Per  Tree--The  seller  sets   a  dollar 
value  per  tree  standard  which  the  buyer 
must  meet,   eg.     The  timber  sale  must  average 
$100  per  tree.     The  buyer  must  then  pay  on 
the  basis  of  $100  per  tree  cut   (poor  prac- 
tice,   leads  to  high  grading). 

5)  Grade   and  Yield--The  buyer  cuts,   bucks, 
scales   and  grades   logs.     The  price  paid  to 
the  seller  equals  the  scaled  volume  by  grade 
times  the  agreed  upon  price  per  grade. 

6)  Dollars   Per  MBF--The  buyer  cuts,  bucks  and 
scales   logs.      Payment  is  based  on  agreed 
upon  price  per  thousand  board  foot.     The 
seller  and/or  third  party  may  assist  in 
scaling  logs. 

7)  Auction--The  buyers  are  given  an  opportunity 
to  review  marked  trees  or  the   sale  area, 
and  at  a  given  time  and  place  an  auction  is 
held   (rarely  done) . 

8)  Telephone  Auction—The  seller  calls  prospec- 
tive buyers   and  tries   to  manipulate  bid  prices 
by  playing  buyers  against  each  other  on  an 
individual  basis.     This  is   a  common  prac- 
tice after  the  seller  has  accepted  original 
bids    (sealed  or  otherwise) .     Often  the  bids 
quoted  in  the  "auction"   are  inaccurate. 

STUMPAGE  VALUE 

VALUE  EQUALS  WHAT  SOMEONE  WILL  PAY.      No  walnut 
buyer   (at   least   for  very  long)    can  consistently 
invest  more  in  a  purchase  than  he  receives  in 
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return.  All  values  are  based,  in  the  final 
analysis,  upon  the  market  value(s)  of  products 
produced  by  the  mill.  This  market  value(s) 
minus  all  transportation,  processing,  and  mer- 
chandizing costs  plus  a  reasonable  profit  es- 
tablishes a  given  average  log  value.  This  is 
the  competitive  log  value  paid  for  a  given  log 
delivered  to  a  mill.  This  value  minus  a  cutting 
and  hauling  charge,  minus  transportation  fees 
(truck  or  rail),  minus  buyers  expense/profit 
equals  the  stumpage  value. 

The  stumpage  value  of  walnut  trees  is  a  factor 
of  volume  (board  feet),  grade  and  value  per 
board  foot  per  grade. 

The  value  of  lumber  logs  is  based  upon  size 
(diameter  and  length) ,  quality  and  often 
general  area  of  origin.  All  three  factors  re- 
late back  to  the  kind  and  quality  of  product 
produced.   The  higher  the  quality  (end  value) 
the  greater  its  value  to  the  mill.  For  example, 
larger  is  better  than  smaller,  cleaner  straight 
is  better  than  defective  crooked,  and  northern 
is  better  than  southern. .  Hence,  a  large, 
clean,  straight  northern  log  is  worth  much 
more  than  a  small,  defective,  crooked  southern 
log. 

The  value  of  veneer  logs  is  likewise  a  factor 
of  size  (diameter  and  length),  defects,  area 
of  origin  (general  and  specific)  and  a  rather 
undefinable  buyer  evaluation  of  wood  quality 
(color,  grain,  pattern,  etc.).   I  do  not  know 
of  any  veneer  log  grading  system  that  can  be 
applied  to  the  value  of  veneer  logs.  For  ex- 
ample, I  commonly  pay  3  times  more  for  one  log 
than  another  even  though  both  would  fall  within 
the  same  general  log  grade.  This  differential 
is  due  to  my  evaluation  of  what  dollar  value 
the  log  will  ACTUALLY  YIELD  after  processing. 

It  should  be  apparent  by  now  that  there  is  no 
answer  to  the  question  "What  is  a  walnut  tree 
worth?"  The  question  is  much  like  asking  "What 
is  a  used  car  worth?"  There  are  some  ex- 
ceptional used  cars  (Elvis  Presley's  gold 
plated  cadillac)  just  as  there  are  some  ex- 
ceptional walnut  trees.  One  must  recognize 
that  no  value  for  any  commodity,  walnut  trees 
or  used  cars,  can  remotely  be  based  on  the 
extremely  rare  individual,  but  rather  has  to 
be  based  on  the  average  of  what  really  exists. 

AREA  OF  ORIGIN 

All  timber  buyers  and/or  walnut  companies  have 
a  tremendous  backlog  of  experience  (successes 
and  failures).  As  with  most  businesses,  they 
use  this  experience  as  a  basis  for  future  in- 


vestment.  On  the  AVERAGE,  trees  from  a  given 
spot  (area  of  origin)  have  a  different  value 
than  trees  from  another  spot.   For  ease  of  dis- 
cussion I  have  separated  area  of  origin  into 
four  classifications. 

1)  REGION — Is  a  very  general  classification. 
Different  companies/buyers  will  use  differ- 
ent boundaries.   In  the  western  part  of 
the  walnut  range,  northern  and  southern  is 
often  used  and  the  boundary  is  approximately 
an  east  west  line  from  St.  Louis  to  Kansas 
City.  Northern  logs  (on  the  average)  are 
better  than  southern  logs. 

2)  DISTRICT- -Refers  to  a  general  area  within 
a  region.   I  think  of  a  district  as  the 
approximate  boundaries  in  which  a  buyer 
usually  operates.   In  my  case,  this  would 

be  western  Iowa  and  eastern  Nebraska.  There 
is  a  considerable  difference  between  the 
average  value  of  logs  coming  from  different 
districts. 

3)  AREA--Refers  to  units  within  a  District. 
Most  buyers  will  consciously  or  unconsciously 
differentiate  between  areas.   I  have  about 
ten  different  areas  within  my  District.  On 
the  average,  trees  from  different  areas 

have  a  different  value.   I  pay  a  different 
price  for  veneer  logs  (lumber  logs  remain 
constant)  depending  upon  area.   I  do  not 
have  a  good  explanation  for  this  difference, 
but  assume  it  relates  to  some  interaction 
of  soil,  moisture  and/or  other  environmental 
or  genetic  factors  which  affect  quality. 

4)  PAST  HISTORY  AND  SETTING--Any  abuse  suffered 
in  the  past  by  the  tree  lowers  its  quality. 
Grazing  (type  of  critter  and  intensidy), 
fire,  herbicides,  and  any  type  of  human  or 
natural  injury  (equipment/storms)  have  a 
negative  affect  on  the  health/vigor  and 
quality  of  the  tree.  The  specific  setting 
of  the  tree,  eg.  contigious  timber  stand, 
narrow  bands  of  trees  along  field  or  streams, 
or  trees  in  proximity  to  humans  has  an  affect 
on  tree  quality.  On  the  average,  trees 
located  within  contigious  stands  are  of 
better  quality  than  those  in  narrow  bands 
and  both  are  better  than  those  in  rural 

or  urban  homesteads. 

SIZE 


Without  exception,  all  other  variables  being 
equal,  larger  diameter  logs  are  worth  more  per 
board  foot  than  smaller  diameter  logs.   One 
would  think  size  is  the  one  constant  in  deter- 
mining value,  but  log  rules  and  scaling  methods 
differ. 
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The  walnut  industry  uses  the  Doyle  Log  Rule  and 
bases  scale  on: 

1)  Length  to  the  nearest  foot.  Nine  feet  eight 
inches  is  nine  feet.   Lengths  on  veneer  logs 
are  extremely  important.  A  log  bucked  at 
8'1"  has  a  drastically  different  value  than 
the  same  log  bucked  at  8' 6".  Critical 
lengths  relate  to  the  requirements  of  the 
ultimate  use  of  produced  veneer.  The  same 
critical  lengths  apply  to  standing  trees. 
Anyone  who  appraises  or  evaluates  trees 

and  guesses  at  the  length  of  veneer  logs 
does  a  disservice  to  all  concerned. 

2)  Diameter  inside  the  bark  (DIB)  at  the  small- 
est point  in  the  log.  Where  DIB  cannot  be 
directly  measured  (standing  tree,  log  cut 

at  a  limb  swell,  or  log  with  crotch  at  small 
end),  the  DIB=circumference  x  0.28.  This 
formula  takes  into  account  bark  thickness. 
It  is  not  always  exactly  accurate,  but  is 
very  close.   For  logs/trees  over  100  inches 
in  circumference  (29  inches  DIB  and  larger) , 
the  formula  is  circumference  x  0.30=DIB. 

I  have  on  several  occasions  been  told  that  log 
buyers  are  cheating  people  by  using  the  Doyle 
Log  Rule  because  it  underestimates  the  actual 
board  footage  derived  from  small  diameter  logs. 

One  cannot  cheat  anyone  based  on  the  type  of  log 
scale  used.  You  can  only  cheat  someone  if  you 
pay  less  than  a  fair  value  for  the  tree.   It 
really  does  not  matter  what  log  rule  is  used. 
The  actual  price  paid  for  a  given  log  is  in- 
dependent of  the  log  rule  used  to  estimate 
volume.  .  For  example: 


Log  Rule 
Doyle 


Lt.   Dia.   BF_  $/BF  Total 
8    14    50  0.55  $27.50 


International  V   8    14    65  0.42   27.30 
Scribner  Decimal  C  8    14    60  0.46   27.60 


DEFECTS 

Bark  characteristics,  taper  and  width  of  sapwood 
are  not  actual  defects,  but  are  reliable  indi- 
cators of  wood  quality.  "Good  or  bad"  bark 
characteristics  are  impossible  to  describe  or 
demonstrate.  They  also  vary  from  area  to  area. 
Most  walnut  buyers  rely  heavily  on  bark  char- 
acteristics to  determine  value. 

Taper  is  an  indication  of  the  first  few  years  of 
height  growth.  Rapid  initial  height  growth  (less 
taper)  normally  indicates  heavy  competition  when 
trees  are  young.  With  competition  one  would 


anticipate  fewer  low  side  limbs,  early  shedding 
of  limbs,  and  fewer  internal  limb  defects. 

Sapwood  width  is  also  a  reliable  indication  of 
log  quality  for  essentially  the  same  reasons 
as  taper.  Narrow  sapwood  indicates  good  log 
quality.  The  bark  is  a  good  external  indi- 
cator of  sapwood  width.  One  should  note  that 
through  bark,  taper  and  width  of  sapwood  the 
buyer  tries  to  determine  cleanness  of  log 
(lack  of  internal  limb  defects).  Under  proper 
plantation  or  native  stand  walnut  management 
one  will  often  have  poor  bark  characteristics 
(to  the  buyer) ,  average  taper,  and  wide  sap- 
wood.  As  noted,  these  factors  are  not  de- 
fects, but  indicators  of  defects.  Buyers/ 
mills  are  interested  in  clean  wood.  My  advice 
to  owners  is  to  properly  prune  trees  to  get 
clean  wood  and  take  periodic  photographs  to 
convince  future  walnut  buyers  of  the  quality 
of  your  product. 

LIMB  DEFECTS 

There  is  a  difference  between  limbs  and  limb 
defects.  A  limb  is  external  to  the  bole  of  a 
tree.  A  limb  defect  is  internal  to  the  bole 
of  a  tree.  A  buyer  only  concerns  himself  with 
the  internal  defects.  ANY  indication  of  a 
limb  defect  is  evaluated  the  same  as  an  actual 
limb.   I  am  often  amused  that  many  people 
believe  pruning  limbs  off  a  tree  immediately 
raises  the  value  of  the  tree.   In  fact,  larger 
limbs  removed  from  larger  trees  often  lowers 
value  due  to  decay/discoloration/staining. 
The  existence  of  a  limb  guarantees  the  pre- 
sence of  a  limb  defect,  but  the  absence  of 
limb  does  not  preclude  the  existence  of  a 
limb  defect. 

HOLLOWS 


I  would  hope  that  everyone  recognizes  a  hollow 
tree  greatly  decreases  in  value.  The  hollow 
normally  precludes  any  veneer  and  limits  its 
value  for  lumber.  The  timber  buyer  is  not 
often  fooled  (with  experience  some  trees  just 
lookhollow),  but  I  do  not  know  any  buyer  who 
does  not  occasionally  get  fooled.  The  real 
trick  for  a  buyer  is  determining  the  size  and 
extent  of  the  hollow.  Sometimes  the  hollow 
peaks  out  rapidly  and  sometimes  it  runs  almost 
the  length  of  the  tree.   You  know  you've  got 
a  problem  when  you  stick  a  saw  into  a  tree  and 
mice  come  running  out,  but  you're  in  real  trouble 
when  a  skunk,  opossum,  or  racoon  scampers  out. 
In  all  the  trees  we  have  cut,  I  have  not  seen 
anything  that  conflicts  with  the  research  of 
Dr.  Alex  Shigo's  research  concerning  tree 
wounds  and  compartmentalization. 
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LIGHTNING 

Lightning  is  one  of  the  worst  injuries  a  tree 
can  sustain.   It  seldom  kills  the  tree,  but 
often  opens  the  whole  length  of  the  bole  to 
decay  and  discoloration.  Even  if  decay  has  not 
severely  progressed,  it  will  almost  always 
cause  a  ring  shake.  One  should  sell  a  light- 
ning struck  tree  as  soon  as  possible. 

METAL 

Timber  buyers  often  feel  paranoid  about  metal 
in  trees.  It  seems  people  go  to  great  lengths 
to  nail  fences,  insulators,  signs,  deer  stands 
and  good- luck  horse  shoes  to  trees.   Besides 
the  obvious  problems  associated  with  damage 
to  mill  equipment,  oron  oxidizes  and  stains 
the  wood  a  blue/black.  Metal  stain  extends 
both  above  and  below  the  metal  site,  which 
further  deteriates  the  value. 

BIRDPECK  —  WORMS 

Birdpeck  and  worms  are  hard  to  spot  in  a  stand- 
ing tree  and  are  often  difficult  to  see  in  a 
cut  log.   Both  are  severe  defects,  especially 
in  veneer.  One  worm  hole  essentially  lowers 
the  veneer  value  the  same  as  a  limb  defect. 
Birdpeck  and  worms  are  primarily  a  southern 
log  problem  but  a  small  amount  of  peck  and 
worms  are  found  in  northern  logs. 
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COST  SHARING  INCENTIVES  FOR  BLACK  WALNUT  MANAGEMENT-1 


Robert  W.  Koenig^ 


Abstract. — Cost  Sharing  Incentives  have  been 
beneficial  in  encouraging  black  walnut  management  and 
where  common  sense  is  applied  will  yield  reasonable 
returns  on  both  the  public  and  private  investment.   This 
paper  presents  a  "Dirt  Forester's"  Common  Sense  approach 
on  how  cost  sharing  practices  might  best  be  applied.   No 
attempt  is  made  to  give  exact  cost  figures  or  scientifically 
prove  what  is  eluded  to.   It  is  just  19  years  of  experience 
and  observation  speaking! 


It  is  indeed  a  pleasure  to  return  to  my 
old  Alma  Mater  and  be  able  to  impose  a  little 
practical,  Dirt-Forestry  philosophy  on  such  a 
distinguished  group  of  nut  growing,  nuts  as 
you  all  are.   The  subject  of  cost-sharing 
incentives  is  one  that  has  been  near  and  dear 
to  my  heart  for  the  past  19  years,  since  I 
have  been  associated  with  professional  Forestry 
work  in  Indiana. 

Let  me  say  from  the  start  that  I  am  a 
"Die-Hard  Conservative"  that  believes  in  as 
little  Governmental  intervention  in  private 
affairs  as  is  absolutely  necessary  to  insure 
the  preservation  of  our  free  enterprise  system 
of  economics;  but  let  me  also  make  it  crystal 
clear  (that  based  on  my  experience)  little  or 
no  forestry  work  would  ever  have  been  started 
in  the  private,  non-industrial  forests  of 
Indiana  without  the  ACP  original  cost-  sharing 
program  and  the  stepped-up  application  of 
forestry  practices  because  of  the  addition  of 
the  FIP  cost-sharing  program  in  1974.   This  is 
not  to  say  there  could  not  have  been  another 
way  to  stimulate  these  badly  needed  activities. 
But  from  recent  studies  conducted  on  the  cost 
effectiveness  of  the  first  year  of  FIP  practices 
(1974)  throughout  the  United  States  ,  it 
certainly  appears  that  most  federal  cost- 
sharing  has  been  fairly  cost  effective  with  the 
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2Assistant  State  Forester,  Indiana 
Department  of  Natural  Resources,  Division  of 
Forestry,  Indianapolis,  IN. 
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Program",  Mills,  Thomas  J.  and  Daria  Cain, 
Research  Paper  Rm-204,  Rocky  Mountain  Forest 
and  Range  Experiment  Station,  U.S.D.A. 


practices  involving  black  walnut  leading  the 
way.   In  fact  black  walnut  tree  planting 
practices  showed  an  internal  rate  of  return 
(IRR)  of  14%,  and  black  walnut  timber  stand 
improvement  practices  showed  an  IRR  of  21.4%. 

The  first  federal  cost-sharing  practices 
specifically  taylored  for  black  walnut  in 
Indiana  were  initiated  in  the  early  1960 's  as 
ACP  practices  A-7(B)  for  establishing  a  stand 
of  black  walnut  trees  and  B-10(B)  for  improving 
a  stand  of  black  walnut  trees.   Although  we 
have  lived  through  REAP  (Rural  Environmental 
Assistance  Program)  in  the  early  1970' s,  and 
have  graduated  to  FIP  (Forestry  Incentives 
Program) ,  and  have  changed  practices  numbers 
several  times,  we  still  have  the  two  basic 
practices:   Tree  Planting  and  Timber  Stand 
Improvement  with  their  several  component  parts. 

Basically  all  cost-shared  forestry  practices 
whether  for  walnut  or  any  species  or  species 
mix  can  be  divided  into  one  of  two  categories. 

The  first  category  includes  those  practices 
which  insure  the  establishment  of  new  black 
walnut  stands  such  as:   site  prepareation,  tree 
planting,  firebreak  and  access  road  establishment 
and  initial  weed  control. 

The  second  category  includes  those  practices 
which  improve  the  quality  and  quantity  of  black 
walnut  products  grown  such  as:   corrective 
pruning,  side-limb  pruning,  pre-commercial 
thinning,  crop  tree  release  and  maintenance  of 
firebreak  and  access  roads. 

Undoubtedly,  you  have  all  been  told  that 
black  walnut  is  very  site  specific  in  its 
requirements  for  surviving  and  maintaining 
reasonable  growth  rates.   That  has  been  proven 
unequivocably  by  the  many  plantation  failures 
that  have  occurred  over  the  past  25  years  and 
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before,  because  they  were  planted  with  no 
consideration  for  soil  texture,  soil  depth, 
rooting  limitations,  available  soil  moisture, 
slope  aspect,  slope  percent,  accessibility  for 
protection  and  cultural  treatment,  etc,  etc. 
This  same  fact  of  "site  specificity"  affects 
the  success  of  not  only  walnut  planting  but 
also  all  other  cultural  practices.   For  it  does 
no  reasonable  good  to  try  to  release  a  walnut 
tree  from  undesirable  competition  such  as  weeds, 
shrubs,  lower-valued  trees  or  vines,  if  the 
walnut  tree  being  released  is  growing  on  the 
wrong  site!   This  would  be  a  waste  of  both  time 
and  money  for  the  growth  response  could  never 
pay  back  the  investment  made. 

Assuming  that  site  is  not  a  problem,  then 
the  proper  sequence  of  component  practices  that 
go  into  establishing  a  stand  of  black  walnut 
trees  should  be  as  follows: 

1.   Site  preparation — this  might  be 
any  one  of  the  following  treat- 
ments or  a  combination  of  treat- 
ments to  get  the  land  ready  for 
the  actual  planting  of  trees. 
It  is  up  to  the  responsible 
forester  to  determine  the  needs 
and  make  an  estimate  of  cost  per 
thousand  trees  to  be  planted 
using  such  treatment.   Site  prep- 
aration can  run  as  low  as  just  a 
few  dollars  per  thousand  trees 
planted  to  as  high  as  several 
hundred  dollars  per  thousand 
trees  planted  depending  on  the 
condition  of  the  land  and  what 
needs  to  be  remove  to  make  it 
ready  for  planting. 

a.  Plow  and  disc  firm — good 
for  level  to  gently  rolling 
old  fields — costs  vary 
according  to  custom  rates 
charged  locally. 

b.  Herbicide  application  in 
bands  at  least  two  weeks 
before  planting — good  for 
preparing  old  sod  fields 
and  weed  invested  areas 
where  it  is  too  steep  to 
plow  and  no  brush  or  trees 
are  present  to  complete. 
Either  Dowpon  or  Roundup 
has  been  used  successfully. 
All  label  recommendation 
should  be  followed  in 
handling  and  application 
rates. 


c.  Bush  hogging  followed  by 
herbicide  application  as 
above — use  where  small 
trees  and  shrubs  are  present 
and  likely  to  be  competive. 

d.  Bulldozing  and  root  raking — 
use  only  where  larger  trees 
(3"  DBH  and  up)  are  the 
problem  and  only  where  site 
quality  is  excellent — this 
is  too  expensive  to  be 
economically  justified  on 
anything  less  than  the  best 
areas . 

2.  Tree  planting- includes  the  cost  of 
purchasing  seedlings. 

a.  Mechanical  tree  planting — 
best  for  larger  plantings 
and  areas  that  are  level  to 
gently  rolling  and  easily 
accessible.   Pre-emergence 
herbicide  can  normally  be 
applied  at  the  same  time 
further  reducing  costs. 

b.  Hand  planting-small  plantings, 
steep  slopes  or  areas  with- 
poor  access  for  motor  vehicles. 

3.  Pre-emergence  herbicide  or  initial 
weed  control  absolutely  necessary 

if  the  plantation  is  to  be  successful. 
This  must  be  applied  during  or 
immediately  after  planting  and  then 
at  least  once  every  spring  for  the 
first  five  years.   Some  of  this  may 
be  eliminated  by  proper 
interplanting  or  prep] anting  of 
such  species  as  Autumn  Olive, 
European  Black  Alder,  White  Pine  or 
Black  Locust.   Almost  no  corrective 
pruning  is  needed  if  interplanting 
is  used. 

4.  Walnut  as  an  interplanting,  with 
pre-emergant  herbicide  spot  sprayed 
around  each  interplanted  walnut — 
good  for  rough  sites,  slightly 
doubtful  landowners,  etc. 

a.  First  plant  white  pine  on 
10'xlO1  spacing  and  let  it 
capture  the  site  (3  to  5 
years) . 

b.  Then  interplant  walnut  when 
the  pine  have  their  heads 

above  the  major  weed  competition. 
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Already,  one  can  see  that  establishing 
black  walnut  is  expensive  and  labor  intensive 
and  not  for  those  who  believe:  "you  just  stick 
the  damn  things  in  the  ground  and  let  'em  grow!" 
That  just  won't  get  the  job  done.   If  you  do 
not  intend  to  take  care  of  the  planting,  please, 
do  not  plant  black  walnut  I 

Assuming  you  are  bound  and  determined  to 
go  on  with  it  (planting  and  growing  black 
walnut) ,  then  the  rest  of  the  steps  fall  under 
the  category  of  Timber  Stand  Improvement  and 
should  take  you  up  to  the  time  when  a 
commercial  thinning  is  possible: 

5.  Fencing  to  keep  livestock  out  of  the 
plantation  or  out  of  a  stand  of 
native  walnut  trees  is  another 
prerequisite  for  growing  walnut  or 
any  forest  product  in  Indiana — 
this  only  includes  interior  fences 
and  no  cost  sharing  is  allowed  on 
boundary  or  road  fences  under 
either  ACP  or  FIP. 

6.  Corrective  Pruning  -  is  only 
necessary  when  a  tree  fails  to 
develop  a  straight,  central  stem 
and  does  not  maintain  a  healthy, 
apically  dominant  terminal  leader. 
Causes  can  be  anyone  of  many,  but 
usually  one  of  these  is  most  likely: 

a.   Late  frost  kills  terminal 
bud  and  lateral  buds  try 
to  take  over. 

■  b.   Casebearer  moth,  shoot  moth, 
or  other  insects  which  also 
kills  the  terminal  bud. 

c.  Mechanical  damage  such  as  ice, 
wind  or  birds  breaking  terminal 
leader. 

d.  Genetically  inferior  stock — 
wants  to  be  a  bush  rather  than 
a  tree.   Usually  corrective 
pruning  won't  work  and  the 
bad  apple  has  to  be  removed. 

7.  Side  Limb  Pruning  —  Can  also  be 
lessened  by  interplanting-must  be 
done  before  diameter  of  pruned 
branches  reach   2  inches  and  before 
bole  (main  stem  of  tree)  reaches 

10  inches  in  diameter  at  breast  height 
(normally  side  limb  pruning  is  done 
between  3  and  10  inches  DBH) . 


8 .  Non-commercial  thinning-means  value 
of  trees  removed  is  less  than  the 
cost. 

a.  For  plantations  follow  the  US 
Forest  Service  Guide  "Quick 
Reference  for  Thinning  Black 
Walnut"  prepared  by  Burl 
Ashley  of  Northeastern  Area 
State  and  Private  Forestry, 
Morgantown,  W.V.  and  Richard 
Schlesinger  of  North  Central 
Forest  Experiment  Station, 
Carbondale,  IL  and  published 
by  the  North  Central  Forest 
Experiment  Station  at  St.  Paul. 
This  uses  the  Crown  Competition 
Factor  (CCF)  to  determine  when 
to  thin  both  for  veneer-sawlog 
production  and  for  nut-log 
production. 

b.  For  native  or  natural  black 
walnut  stands,  stocking  levels 
should  be  maintained  10  to  20% 
higher  than  suggested  for 
plantation  after  the  first  pre- 
commercial  thinning  to  avoid 
excessive  epicormic  sprouting 
and  to  guard  against  wind 
damage,  sun  scald,  etc. 

By  the  time  a  second  pre- 
commercial  thinning  is  needed, 
stand  density  should  be  equal 
to  the  recommended  stocking 
level  for  a  plantation. 

9 .  Maintenance  of  firebreaks  and 
access  roads — this  usually  pertains 
just  to  the  practices  needed  to 
prevent  erosion  and  sedimentation. 

a.  Waterbars  on  steep  slopes 

b.  "Thankyou  Mams"  or  drainage  dips 

c.  Box  culverts 

d.  Improved  stream  crossings 

e.  Seeding,  fertilizing,  liming 
and  mulching  bare  soil 

So  far,  I  have  deliberately  failed  to 
mention  cost-share  rates  and  hold-down  rates 
because  in  this  discussion  they  are  not 
important.   What  is  important  is  that  there 
is  enough  incentive  to  encourage  people  who 
have  the  good  walnut  growing  sites  and  who 
have  the  determination  to  do  what  it  takes  to 
grow  the  walnut  trees  we  need  now  and  in  the 
future. 
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Woody  debris  or  "slash" — the  foliage,  branches, 
mmerchantable  bole  tips,  and  broken  or  defective 
oles  of  trees  left  on  the  ground  after  tree  cutting 
fig.  1) — often  poses  a  serious  fire  threat  to  forest 
esources.  When  weather  conditions  are  conducive, 
ires  encountering  heavy  accumulations  of  slash  burn 
vith  high  intensity,  are  generally  difficult  to  control, 
nd  can  quickly  spread  into  surrounding  stands  of 
aluable  timber.  Where  the  risk  of  fire  damage  is 
ligh,  management  action  to  treat  or  remove  slash 
ccumulations  is  often  desirable. 

Whether  slash  treatment  is  necessary  and  which 
'  ype  of  treatment  is  most  effective  in  a  particular 
dtuation  are  complex  decisions  involving  a  variety 
>f  factors.  Among  them  are  the  amount  of  slash  in- 
volved, land  management  objectives,  resource  val- 
les,  land  ownership  and  use  patterns,  topography, 
limate,  vegetation  types,  fire  frequency,  fire  effects, 
ocal  fire  suppression  capability,  slash  disposal  laws, 
md  timber  sale  contract  requirements. 

This  handbook  focuses  on  the  first  of  these  factors, 
;he  amount  of  slash  involved.  While  field  inventory 
nethods  can  be  used  to  estimate  slash  weight  (Rous- 
sopoulos and  Johnson  1973),  they  are  expensive  and 
nust  be  applied  after  cutting  rather  than  before.  The 
orimary  objective  of  this  guide  is  to  provide  methods 
br  predicting  slash  weight  prior  to  cutting  using 
lommon  and  easily  obtainable  tree  measurements 
is  independent  variables  (i.e.,  d.b.h.  or,  in  some  cases, 
l.b.h.  with  tree  height).  Tables  are  included  that  al- 
ow the  user  to  estimate  weights  of  crowns  and  un- 
merchantable bole  tips,  both  on  a  "per  tree"  and  a 
'per  unit  of  tree  basal  area"  basis  for  10  coniferous 


species  and  9  hardwood  species  (or  species  groups) 
common  to  forests  of  the  North  Central  and  North- 
eastern United  States.  Methods  of  estimating  the 
weight  of  slash  by  standard  fuel  size  classes  are  also 
included. 


UNMERCHANTABLE 
TIP 


CROWN 


Figure  1. — Slash  is  produced  from  three  portions  of 
the  tree:  (1)  crown;  (2)  unmerchantable  tip;  and 
(3)  defective  or  broken  bole  (adapted  from  Brown 
et  al.  1977). 


PREDICTING  SLASH 
WEIGHT 

In  the  slash  weight  prediction  process,  four  sources 
of  slash  or  debris  are  recognized:  cutting,  trampling, 
defect  and  breakage,  and  existing  debris. 

(a)  Cutting  debris  consists  of  tree  crowns  and  tops 
remaining  on  the  site  after  cutting. 

(b)  Trampling  debris  is  incidental  material  result- 
ing from  logging  activities;  it  generally  consists 
of  small  trees  damaged  during  skidding  or  other 
logging  operations. 

(c)  Breakage  and  defect  is  debris  left  on  the  site 
as  cull  material.  The  amount  of  debris  can  vary 
considerably  by  locality,  site,  age  of  the  stand, 
timber  sale  operator,  and  timber  sale  require- 
ments. 

id)  Existing  debris  consists  of  material  on  the  site 
prior  to  logging  or  precommercial  thinning.  A 
downed  woody  fuels  inventory  (Brown  1974)  can 
be  used  to  estimate  the  amount  of  existing  de- 
bris. 

Estimates  of  cutting  and  trampling  debris  can  be 
made  using  the  crown  weight  information  presented 
in  tables  1-7.  These  tables  were  generally  patterned 
after  those  found  in  the  Handbook  for  Predicting 
Slash  Weight  of  Western  Conifers  (Brown  et  al.  1977) 
and  in  the  Handbook  for  Predicting  Residue  Weights 
of  Pacific  Northwest  Conifers  (Snell  and  Brown  1980). 
In  developing  our  tables  we  did  not  make  allowances 
for  differing  stand  conditions,  although  it  is  known, 
for  example,  that  crown  weight  of  red  pine  can  vary 
with  site  quality  and  stand  density  (Brown  1963). 
The  user  should  be  aware  that  such  differences  exist, 
and  that  more  precise  slash  weight  estimates  can  be 
made  by  using  additional  variables  such  as  site  index 
and  stand  density  (Brown  1965)  or  crown  ratio  (Loomis 
and  Blank  1981). 

The  equations  and  sources  of  information  used  in 
constructing  crown  weight  tables  1-7  are  shown  in 
Appendix  I.  Tables  1  and  2  list  species  requiring  only 
d.b.h.  as  the  independent  variable  for  estimating 
crown  weight.  Tables  3-7  list  species  requiring  both 
d.b.h.  and  tree  height  as  the  independent  variables 
for  estimating  crown  weight.  If  tree  heights  cannot 
be  measured,  estimated  heights  will  suffice,  al- 
though additional  error  may  be  introduced. 

In  tables  1-7,  the  "a"  portions  give  weight  per  tree 
and  the  "b"  portions  give  weight  per  square  foot  of 
basal  area.  Tables  2  and  7  list  crown  weights  of  hard- 
woods, but  do  not  include  foliage  (fig.  2).  Table  8  lists 
foliage  weights  of  hardwoods,  which  can  be  added  to 


the  branchwood  crown  weights  to  predict  total  deb 
from  summer  harvest  of  hardwoods. 

The  equations  and  sources  used  in  constructi 
table  8  are  shown  in  Appendix  II.  Although  the  eqi 
tions  for  hardwood  crown  weights  and  foliage  weigl 
were  sometimes  developed  from  different  souro 
the  same  species  was  used  whenever  possible.  Wh 
this  was  not  possible,  species  within  the  same  gen 
were  used. 

The  weights  given  in  tables  1-8  include  all  cro> 
branchwood,  including  the  unmerchantable  bole 
to  a  4-inch  top.  Appendix  III  shows  weight  per  tr 
and  top  diameter  based  on  equations  listed  in  A 
pendix  I.  Bole  section  weights  as  needed  were  add 
to  weights  shown  in  Appendix  III  to  get  the  weigl 
listed  in  tables  1  and  2. 

Wood    densities    needed    for    calculating    sla 
resulting  from  defect  and  breakage,  are  given 
table  9. 

The  steps  for  using  the  tables  to  predict  the  weigl 
of  the  various  slash  components  are  outlined  belc 


Stepl 


Summarize  tree  harvest  data  by  (a)  number 
trees  to  be  cut  per  acre  by  species  and  d.b.h.  or  i 
basal  area  by  species  and  d.b.h.,  whichever  is  mc 


UNMERCHANTABLE 
TIP 


favidwoodi  ate  -6 
in  tahlju  i<i  ant 


Figure  2. — Crown  weight  tables  for  hardwoods 
not  include  foliage  (adapted  from  Stanek  and  St< 
1978). 


convenient.  Trees  per  acre  can  be  converted  to  basal 
area  per  acre  using  table  10.  Always  use  a  d.b.h. 
distribution  rather  than  an  average  stand  diameter 
to  avoid  bias  resulting  from  curvilinear  weight  re- 
lations. 

Step  2 

From  the  appropriate  crown-weight  table,  mul- 
tiply the  number  of  trees  times  the  weight  for  each 
d.b.h.  and  species  category.  Total  the  cutting  debris 
for  each  species.  Do  the  same  with  small-diameter 
trees  that  have  been  trampled  during  logging. 

For  stands  of  intolerant  coniferous  species  with 
significant  numbers  of  intermediate  or  suppressed 
crowns  (fig.  3),  crown  weight  should  be  adjusted  by 
using  the  following  equations  (Brown  et  al.  1977): 


D.b.h. 

Less  than  7.5  inches         AW 
7.5  inches  and  greater     AW 


Equation 

W  x  [1  -  (0.5  x  f,)] 
W  x  [1  -  (0.4  x  f,)] 


W 


where  AW  =  adjusted  weight  per  acre  for  inter- 
mediate crowns, 
=  weight  of  crowns  per  acre  calculated 
from  the  crown  weight  tables,  and 
the  fraction  of  trees  per  acre  having 
intermediate  and  suppressed  crowns. 


Step  3 


Estimate  slash  weight  in  tons  per  acre  for  break- 
age and  defect  using  the  following  equation: 


W  = 


(v)  X  (f)  X  (d), 

2,000 


where  W  =  the  weight  of  debris  from  defect  and 
breakage  in  tons  per  acre, 

v  =  merchantable  volume  to  be  cut  in  cu- 
bic feet  per  acre  (note:  180  cu  ft  per 
MBF,  90  cu  ft  per  cord), 

f  =  fraction  of  merchantable  volume  ex- 
pected to  be  left  on  the  ground  as 
defect  and  breakage,  and 

d  =  density  of  wood  in  pounds  per  cubic 
foot  (from  table  9). 


Step  4 


Summarize  the  total  debris  by  adding: 

(a)  Weight  of  crowns  or  cutting  debris. 

(b)  Weight  of  trampling  debris. 

(c)  Weight  of  defect  (cull)  and  breakage  debris  left 
in  the  woods. 


(d)  Weight  of  downed  woody  material  or  existing 
debris. 
This  will  yield  the  total  predicted  weight  of  slash  or 
debris  remaining  on  the  ground  after  cutting. 

EXAMPLES  OF  SLASH 
PREDICTION 

Example  1. — Commercial 

Thinning  in  a  Red  Pine 

Plantation 

To  determine  the  weight  of  cutting  debris:  assume 
50  trees  per  acre  are  to  be  cut  from  each  of  three 
d.b.h.  classes  (5-,  6-,  and  7-inch  trees),  with  utili- 
zation to  a  4-inch  top  diameter. 


Lbs/tree 

D.b.h.  (in.)  Trees/acre 

(from  table  1a) 

Lbs/acre 

Tons/acre 

5              50 

58 

2,900 

1.45 

6              50 

60 

3,000 

1.50 

7              50 

68 

3,400 

1.70 

TOTAL 


9,300 


4.65 


To  determine  the  weight  of  trampling  debris:  as- 
sume that  boles  of  trees  damaged  by  trampling  have 
been  removed  to  a  4-inch  top  and  only  the  slash  from 
the  crowns  and  unmerchantable  tips  remains  on  the 
site. 

Lbs/tree 
D.b.h.  (in.)  Trees/acre    (from  table  1a)    Lbs/acre    Tons/acre 
4  5  56  280  0.14 

To  determine  the  weight  of  defect  and  breakage 
debris:  assume  volume  to  be  removed  to  be  670  cubic 
feet  per  acre;  breakage  of  about  2  percent  and  defect 
left  on  the  site  of  3  percent  (based  on  experience  with 
similar  red  pine  stands);  and  red  pine  density  of  28.7 
pounds  per  cubic  foot  (from  table  9).  Then,  in  the 
equation  for  determining  weight  (W),  the  volume  (v) 
is  670,  the  fraction  (f)  of  merchantable  volume  ex- 
pected to  be  left  on  the  site  is  0.02  +  0.03  or  0.05, 
and  the  density  (d)  is  28.7,  or 


W 


(v)  x  (f)  x  (d)  _  670  x  0.05  x  28.7 

2,000  2,000 

=  0.48  tons/acre. 


Thus,  the  total  predicted  slash  from  cutting  — 
4.65  +  0.14  +  0.48  =  5.27  tons  per  acre. 

To  determine  the  weight  of  downed  woody  mate- 
rial: assume  the  volume  of  existing  downed  debris 
to  be  3  tons  per  acre. 
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Figure  3. — 77ie  crown  weights  of  intermediate  and  suppressed  trees  of  shade -intolerant  coni- 
ferous species  are  less  than  those  of  dominant  or  codominant  trees,  and  adjustments  in  crown 
weights  may  be  needed. 


The  total  predicted  slash  weight,  therefore,  be- 
comes 8.27  tons  per  acre  (5.27  +  3.0). 

Example  2. — Clearcutting  in 

an  80-year-old,  Second-growth 

Northern  Red  Oak  Stand 

To  determine  the  weight  of  cutting  debris:  assume 
harvest  of  70  9-inch  trees  per  acre,  100  10-inch  trees 
per  acre,  and  50  11-inch  trees  per  acre,  with  utili- 
zation to  a  4-inch  top  diameter. 

Lbs/tree 

D.b.h.  (in.)  Trees/acre    (from  table 2a)  Lbs/acre  Tons/acre 

9              70               138  9,660        4.83 

10  100               177  17,700         8.85 

11  50               222  11,100         5.55 


To  determine  the  weight  of  defect  and  breakage 
debris:  assume  a  volume  to  be  removed  of  1 ,930  cubic 
feet  per  acre;  breakage  of  5  percent  and  defect  left 
on  the  site  of  10  percent  (based  on  experience  with 
similar  northern  red  oak  stands);  and  northern  rec 
oak  density  of  39.3  pounds  per  cubic  foot  (from  table 
9).  Then,  in  the  equation  for  determining  weight  (W) 
the  volume  (v)  is  1,930,  the  fraction  (f)  of  merchant- 
able volume  to  be  left  on  the  site  is  0.05  +  0.10  oi 
0.15,  and  the  density  (d)  is  39.3,  or 


W  = 


(v)  x  (f)  x  (d)  _  1,930  x  0.15  x  39.3 
2,000  2,000 

=  5.7  tons/acre. 


TOTAL 


38,460       19.23 


To  determine  the  weight  of  trampling  debris:  as- 
sume all  trees  of  merchantable  size  to  be  harvested 
with  no  damage  from  trampling. 


Thus,  the  total  predicted  slash  from  cutting  = 
19.23  +  0  +  5.7  =  24.93  tons  per  acre. 

To  determine  the  weight  of  downed  woody  mate 
rial:  assume  the  volume  of  existing  downed  debri; 
to  be  5  tons  per  acre. 


The  total  predicted  slash  weight,  therefore,  be- 
bomes  29.93  tons  per  acre  (24.93  +  5.0). 

Example  3. — Adjusting  for 
Intolerant  Coniferous  Species 

To  determine  the  weight  of  cutting  debris  for  stands 
)f  intolerant  coniferous  species  with  significant 
lumbers  of  intermediate  or  suppressed  crowns:  as- 
sume the  calculated  crown  weight  for  the  stand  to 
)e  30,000  pounds  per  acre  in  trees  8  inches  d.b.h. 
md  greater,  and  the  proportion  of  intermediate  and 
suppressed  crowns  in  the  stand  to  be  25  percent. 

Then,  adjusted  crown  weight  (AW)  =  W  x  [l-(0.4 
f,)]  =  30,000  x  [l-(.4  x  .25)]  =  27,000  lbs/acre. 

Thus,  the  adjusted  crown  weight  is  about  14  tons  per 

icre. 

FUEL  SIZE  CLASSES 

Fuel  size  class  component  fractions  are  given  in 
tables  11  and  12.  The  weights  of  individual  fuel  size 
classes  (foliage,  branchwood  0  to  1/4-inch  in  diam- 
eter, 1/4  to  1  inch,  1  to  3  inches,  and  3  inches  and 
larger)  (fig.  4)  are  needed  if  the  fuel  manager  wishes 
to  use  debris  prediction  information  to  estimate  fire 
behavior  by  computer  (Radloff  et  al.  1982).  These  fuel 
size  classes  are  used  to  predict  fire  behavior  potential 
in  the  Rothermel  (1972)  fire  behavior  model.  Also, 
the  branchwood  fuel  size  classes  correspond  to  the 
10-,  100-,  1,000-hour  timelag  fuels  described  in 
the  National  Fire  Danger  Rating  System  (Deeming 
etal.  1977).  Some  examples  of  predicting  slash  weights 
by  fuel  size  classes  are  given  below. 

Example  1, — Conifers 

The  fuel  loading  in  tons  per  acre  for  each  size  class 
lis  estimated  using  the  crown  component  fractions 
from  table  11  multiplied  by  the  corresponding  crown 
weight  per  acre  for  each  species  and  d.b.h.  class.  In 
Jthis  example,  we  used  the  red  pine  stand  described 
earlier.  Since  table  11  does  not  include  component 
fractions  for  the  5-  and  7-inch  diameter  classes,  the 
fractions  for  the  6-inch  category  are  used  to  repre- 
sent the  5-,  6-,  and  7-inch  diameter  classes.  The  total 
weight  within  each  diameter  class  is  multiplied  by 
each  crown  component  fraction  to  obtain  weights 
within  each  fuel  class  size  as  shown  below.  For  ex- 
ample, the  1.45  tons  per  acre  in  the  5-inch  diameter 
class  multiplied  by  the  0.28  fraction  of  foliage  from 
table  11  equals  0.40  ton  per  acre  of  foliage. 


Foliage 


;    0  to  Va  in. 


AV/L 


% 


^ 


1/4  to  1  in. 


1   to  3  in. 


X 


3  +  in. 


Figure  4.  —  Component  fractions  of  foliage  and 
branchwood  size  classes  are  used  for  calculating 
tons  per  acre  input  for  computer-based,  fire-be- 
havior predictions  (adapted  from  Brown  1978). 


Fuel  class  size  (inches) 


(Inches) 

Total 

Foliage 

0-1/4 

V-.-1 

1-3 

3  + 

Tons/acre 

4 

0.14 

0.03 

0.01 

0.02 

0.02 

0.06 

5 

1.45 

.40 

.06 

.39 

.34 

.26 

6 

1.50 

.42 

.05 

.40 

.36 

.27 

7 

1.70 

.47 

.07 

.46 

.40 

.30 

Total 

4.79 

1.32 

.19 

1.27 

1.12 

.89 

Example  2. — Hardwoods 

The  fuel  loadings  for  hardwood  species  are  esti- 
mated using  the  crown  component  fractions  from  ta- 
ble 12  multiplied  by  the  corresponding  crown  weight 
estimate  for  each  d.b.h.  class.  In  this  example,  we 
used  the  second-growth  hardwood  (northern  red  oak) 
stand  described  earlier.  The  total  weight  within  each 
diameter  class  is  multiplied  by  each  crown  compo- 
nent fraction  to  obtain  weights  within  each  fuel  class 
size  as  shown  below.  For  example,  the  4.83  tons  per 
acre  of  9-inch  slash  multiplied  by  the  0.05  fraction 
of  0-  to  1/4-inch  material  from  table  12  equals  0.24 
ton  per  acre  of  0-  to  1/4-inch  material. 


D.b.h. 
(inches) 

Total 

Fuel  class 

size  (inches) 

0-V4 

1/«-1 

1-3 

3  + 

9 

10 
11 

4.83 
8.85 
5.55 

Tons/acre 

0.24         1.06 
.35         1.86 
.22         1.11 

2.80 
4.78 
2.72 

0.73 
1.86 
1.50 

Total 

19.23 

.81 

4.03 

10.30 

4.09 

For  summer-cut  trees,  hardwood  foliage  estimates 
are  calculated  using  weights  from  table  8a,  multi- 
plied by  the  number  of  harvested  stems  per  acre. 


D.b.h. 
(inches)  Trees/acre         Foliage  Foliage  Foliage 


Lbs/tree 

Lbs/acre 

Tons/acre 

9 

70 

12 

840 

0.42 

10 

100 

15 

1,500 

.75 

11 

50 

17 

850 

.43 

Total 

1.60 
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Table  la. — Crown  weight  (per  tree),  including  un- 
merchantable tip  to  a  4 -inch  top,  for  selected  con- 
iferous species  (weights  above  the  dotted  line  are 
total  tree  weights  including  the  tree  bole;  weights 
above  the  dashed  lines  are  within  the  limits  of  sam- 
pled data) 

(In  pounds  per  tree) 


Table  lb. — Crown  weight  (per  square  foot  of  basa 
area),  including  unmerchantable  tips  to  a  4-inc) 
top,  for  selected  coniferous  species  (weights  abovi 
the  dotted  line  are  total  tree  weights  including  thi 
tree  bole;  weights  above  the  dashed  lines  are  withii 
the  limits  of  sampled  data) 

(In  pounds  per  square  foot) 


D.b.h. 

Jack 

Red 

Pitch 

Balsam 

Black 

White 

D.b.h. 

Jack 

Red 

Pitch 

Balsam 

Black 

White 

(inches)  pine 

pine 

pine 

fir 

spruce 

spruce 

(inches)  pine 

pine 

pine 

fir 

spruce 

spruci 

1 

2 

2 

2 

1 

1 

1 

1 

367 

367 

367 

183 

183 

183 

2 

10 

10 

10 

7 

8 

8 

2 

455 

455 

455 

318 

364 

364 

3 

28 

26 

26 

20 

22 

22 

3 

571 

531 

531 

408 

449 

449 

4 

54 

56 

60 

56 

55 

56 

4 

621 

644 

690 

643 

632 

644 

5 

66 

58 

64 

67 

63 

69 

5 

485 

426 

471 

493 

463 

507 

6 

80 

60 

71 

81 

74 

85 

6 

408 

306 

362 

413 

378 

434 

7 

100 

68 

85 

99 

89 

104 

7 

375 

255 

318 

371 

333 

390 

8 

123 

79 

104 

121 

106 

127 

8 

352 

226 

298 

347 

304 

364 

9 

150 

95 

127 

146 

125 

152 

9 

339 

215 

287 

330 

283 

344 

10 

182 

115 

156 

173 

145 

180 

10 

334 

211 

286 

317 

266 

330 

11 

218 

142 

187 

203 

168 

210 

11 

330 

215 

283 

308 

255 

318 

12 

257 

177 

223 

236 

192 

243 

12 

327 

225 

284 

301 

245 

310 

13 

299 

222 

266 

271 

218 

277 

13 

324 

241 

288 

294 

236 

300 

14 

345 

281 

313 

308 

245 

314 

14 

323 

263 

293 

288 

229 

294 

15 

395 

356 

365 

348 

274 

352 

15 

322 

290 

297 

284 

223 

287 

16 

448 

454 

421 

390 

305 

393 

16 

321 

325 

302 

279 

218 

282 

17 

484 

437 

17 

307 

277 

18 

551 

482 

18 

312 

273 

19 

528 

19 

268 

20 

577 

20 

264 

21 

628 

21 

261 

22 

681 

22 

258 

Table  2a. — Crown  weight1  (per  tree),  including  unmerchantable  tip  to  a  4 -inch  top,  for  selected  hardwoods 
(weights  above  the  dotted  lines  are  total  tree  weights  including  the  tree  bole;  weights  above  the  dashed  lines 
are  within  the  limits  of  sampled  data) 

(In  pounds  per  tree) 


D.b.h. 

Yellow- 

Red 

White 

American 

Red 

Black 

(inches) 

poplar 

oaks 

oaks 

Aspen 

beech 

maple 

cherry 

Hickory 

1 

2 

2 

2 

1 

3 

2 

3 

2 

2 

9 

12 

10 

8 

17 

11 

14 

12 

3 

25 

34 

30 

25 

44 

30 

37 

34 

4 

52 

71 

63 

29 

29 

63 

75 

73 

5 

33 

57 

44 

38 

83 

49 

39 

50 

6 

26 

66 

47 

50 

113 

64 

49 

54 

7 

23 

83 

58 

65 

151 

82 

62 

69 

8 

25 

107 

75 

84 

199 

101 

76 

95 

9 

33 

138 

98 

107 

258 

122 

93 

131 

10 

45 

177 

128 

135 

326 

145 

112 

178 

11 

62 

222 

165 

167 

408 

170 

133 

236 

12 

85 

274 

208 

205 

502 

197 

156 

304 

13 

112 

334 

258 

248 

608 

225 

181 

383 

14 

144 

401 

315 

295 

728 

256 

209 

473 

15 

182 

474 

378 

349 

862 

288 

238 

574 

16 

224 

555 

448 

410 

1,012 

323 

270 

685 

17 

271 

643 

525 

475 

1,177 

18 

323 

738 

608 

546 

1,356 

19 

381 

841 

698 

625 

20 

443 

950 

794 

711 

21 

510 

1,066 

897 

22 

582 

1,190 

1,007 

23 

1,320 

1,123 

24 

1,458 

1,246 

25 

1,603 

1,375 

'Foliage  weight  not  included. 


Table  2b. — Crown  weight1  (per  square  foot  of  basal  area),  including  unmerchantable  tips  to  a  4-inch  top,  for 
selected  hardwoods  (weights  above  the  dotted  lines  are  total  tree  weights  including  the  tree  bole;  weights 
above  the  dashed  lines  are  within  the  limits  of  sampled  datcn 


D.b.h. 

Yellow- 

Red 

White 

American 

Red 

Black 

(inches) 

poplar 

oaks 

oaks 

Aspen 

beech 

maple 

cherry 

Hickory 

1 

367 

367 

367 

183 

550 

367 

550 

367 

2 

409 

545 

455 

363 

773 

500 

636 

545 

3 

510 
598 

694 
816 

612 
724 

510 

898 

612 
724 

755 
862 

693 

4 

333 

333 

839 

5 

243 

419 

324 

279 

610 

360 

287 

368 

6 

133 

337 

240 

255 

577 

327 

250 

276 

7 

86 

311 

217 

243 

566 

307 

232 

258 

8 

72 

307 

215 

241 

570 

289 

218 

272 

9 

75 

312 

222 

242 

584 

276 

210 

296 

10 

83 

325 

235 

248 

598 

266 

206 

327 

11 

94 

336 

250 

253 

618 

258 

201 

358 

12 

108 

349 

265 

261 

639 

251 

199 

387 

13 

121 

362 

280 

269 

659 

244 

196 

415 

14 

135 

375 

295 

276 

681 

239 

196 

442 

15 

148 

386 

308 

284 

702 

235 

194 

468 

16 

160 

398 

321 

294 

725 

231 

193 

491 

17 

172 

408 

333 

301 

747 

18 

183 

418 

344 

309 

767 

19 

193 

427 

354 

317 

20 

203 

435 

364 

326 

21 

212 

443 

373 

22 

220 

451 

381 

23 

458 

389 

24 

464 

397 

25 

470 

403 

'Foliage  weight  not  included. 
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Dable  3a. — Crown  weight  (per  tree),  including  un- 
merchantable tip  to  a  4 -inch  top,  for  eastern  hem- 
lock (weights  above  the  dotted  line  are  total  tree 
weights) 

(In  pounds  per  tree) 


Table  4a. — Crown  weight  (per  tree),  including  un- 
merchantable tip  to  a  4 -inch  top,  for  red  spruce 
(weights  above  the  dotted  line  are  total  tree  weights) 
(In  pounds  per  tree) 


D.b.h. 
(inches) 


Total  height  (feet) 


D.b.h.       

(inches)        5 


Total  height  (feet) 


10       20       30       40       50       60       70 


10 


20        30        40        50 


60 


<6 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 


23       72 


22 

15 

33 

23 

46 

33 

62 

47 

63 

43 

81 

56 

102 

73 

126 

93 

153 

115 

183 

140 

<6 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 


1 


21      54 


28 

18 

41 

29 

15 

58 

42 

24 

58 

36 

78 

51 

21 

101 

69 

32 

128 

89 

47 

114 

64 

142 

85 

172 

108 

liable  3b. — Crown  weight  (per  square  foot  of  basal 
area),  including  unmerchantable  tips  to  a  4-inch 
top,  for  eastern  hemlock  (weights  above  the  dot- 
ted line  are  total  tree  weights) 

(In  pounds  per  square  foot) 


D.b.h. 
(inches) 


<6 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 


Total  height  (feet) 


10        20        30        40        50        60 


183     136     469     529 


112 

77 

124 

86 

132 

95 

140 

106 

116 

79 

123 

85 

130 

93 

137 

101 

143 

108 

149 

114 

Table  4b. — Crown  weight  (per  square  foot  of  basal 
area),  including  unmerchantable  tips  to  a  4-inch 
top,  for  red  spruce  (weights  above  the  dotted  line 
are  total  tree  weights) 

(In  pounds  per  square  foot) 


D.b.h.       

(inches)        5 


<6 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 


(In  pounds  per  square  foot) 


10       20       30       40       50       60       70 


183    227    429    621 


142 

92 

153 

109 

56 

166 

120 

69 

131 

81 

143 

94 

39 

153 

104 

48 

163 

113 

60 

124 

69 

133 

80 

140 

88 

11 


Table  5a. — Crown  weight  (per  tree),  including  un- 
merchantable tip  to  a  4 -inch  top  for  eastern  white 
pine  (weights  above  the  dotted  line  are  total  tree 
weights) 

(In  pounds  per  tree) 


D.b.h.        

(inches)         5 


Total  height  (feet) 


10      20      30      40     50      60     70     80 


<6 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 


1       2      11     32 


29  20 

42  32 

19 

45 

30 

62 

43 

22 

82 

59 

33 

78 

47  14 

100 

64  25 

84  38 

106  54 

132  73 

Table  5b. — Crown  weight  (per  square  foot  of  basal 
area),  including  unmerchantable  tips  to  a  4 -inch 
top  for  eastern  white  pine  (weights  above  the  dot- 
ted lines  are  total  tree  weights) 

(In  pounds  per  square  foot) 


D.b.h. 

Total  height  (feet) 

(inches) 

5 

10 

20 

30 

40   50 

60 

70  80 

<6 

183 

367 

500 

653 

6 

148  102 

7 

157  120 

71 

8 

129 

86 

9 

140 

97 

50 

10 

150 

108 

61 

11 

118 

71  21 

12 

127 

82  32 

13 

91  41 

14 

99  51 

15 

108  59 

Table  6a. — Crown  weight  (per  tree),  including  un- 
merchantable tip  to  a  4 -inch  top  for  northern 
white-cedar  (weights  above  the  dotted  line  are 
total  tree  weights) 

(In  pounds  per  tree) 


D.b.h. 
(inches) 


Total  height  (teet) 


10 


20 


30 


40 


50 


<6 
6 


9 

10 
11 
12 


26 


21 

25 

16 

31 
38 
45 

52 

55 

60 

64 

68 

73 

Table  6b. — Crown  weight  (per  square  foot  of  basal' 
area),  including  unmerchantable  tips  to  a  4 -inch 
top  for  northern  white-cedar  ( weights  above  the 
dotted  line  are  total  tree  weights) 

(In  pounds  per  square  foot) 


D.b.h. 
(inches) 


Total  height  (feet) 


10 


20 


30 


40 


50 


<6 

6 
7 
8 
9 

10 
11 
12 


183       182       299 


107 
60 


127 

116 

109 

102 

95 

91 

87 


101 
97 
93 


Table  7a. — Crown  weight1  (per  tree),  including  un\ 
merchantable  tip  for  paper  birch  (weights  above\ 
the  dotted  line  are  total  tree  weights) 
(In  pounds  per  tree) 


D.b.h. 
(inches) 


Total  height  (feet) 


10       20       30       40       50       60      70 


<6 

6 
7 
8 
9 

10 
11 
12 


0.5      1 


22 


31 

22 

49 

36 

68 

55 

34 

91 

72 

49 

25 

69 

38 

92 

55 

120 

77 

'Foliage  weight  not  included .  Crown  weights  from  the  original  sources 
(Young  etal.  1964,  Young  and  Carpenter  1967)  included  foliage.  To 
estimate  weights  listed  here,  foliage  weights  (Storey  and  Pong  1 957) 
from  Table  8a  were  subtracted  from  the  original  crown  weights. 

Table  7b. — Crown  weight1  (per  square  foot  of  base 
area),  including  unmerchantable  tips  to  a  4-inc) 
top  for  paper  birch  (weights  above  the  dotted  line 
are  total  tree  weights) 

(In  pounds  per  square  foot) 


D.b.h. 
(inches) 


Total  height  (feet) 


10       20       30       40       50       60      70 


<6 

6 
7 
8 
9 

10 
11 
12 


92     183    227    253 


158 

112 

184 

135 

195 

158 

97 

206 

163 

111 

57 

127 

70 

139 

83 

152 

98 

1  Foliage  weight  not  included. 


12 


Table  8a. — Foliage  weight  (per  tree)  for  selected  hardwoods  (weights  above  the  dashed  lines  are  within  the 

limits  of  sampled  data) 
(In  pounds  per  tree) 


D.b.h. 

Yellow- 

Red 

White 

American 

(inches) 

poplar 

oak 

oak 

Aspen 

beech 

Maple 

Cherry 

Hickory 

Birch 

1 

0.2 

0.5 

0.4 

0.1 

0.3 

0.1 

0.3 

0.1 

0.2 

2 

.6 

1 

1 

.5 

1 

.5 

1 

.5 

1 

3 

1 

2 

3 

1 

3 

1 

2 

1 

2 

4 

2 

4 

4 

2 

5 

2 

4 

3 

4 

5 

3 

5 

7 

4 

8 

4 

7 

5 

5 

6 

5 

7 

9 

5 

12 

6 

10 

7 

8 

7 

6 

9 

12 

7 

17 

9 

13 

10 

10 

8 

8 

10 

15 

10 

22 

13 

17~ 

14 

13 

9 

9 

12 

19 

12 

28 

18 

21 

19 

17 

10 

11 

15 

22 

16 

35 

23 

26 

24 

21 

11 

13 

17 

27 

19 

42 

29 

32 

30 

25 

12 

15 

19 

"31" 

23 

50 

37 

38 

37 

29 

13 

18 

22 

36 

27 

59 

45 

44 

44 

.34. 

14 

20 

24 

41 

32 

69 

54 

51 

53 

3~9 

15 

23 

27 

46 

37 

80 

65 

59 

62 

45 

16 

26 

30 

51 

42* 

91 

76 

66 

73 

17 

29 

32 

57 

48 

103 

84 

18 

32 

35 

63 

54 

116 

96 

19 

35 

38 

70 

60 

109 

20 

38 

41 

76 

67 

123 

21 

42 

"44" 

138 

22 

45 

48 

154 

23 

49 

51 

171 

24 

53 

54 

25 

57 

58 

13 


Table  8b. — Foliage  weight  (per  square  foot  of  basal  area)  for  selected  hardwoods  (weights  above  the  dashed 

lines  are  within  the  limits  of  sampled  data) 
(In  pounds  per  square  foot  of  basal  area) 


D.b.h. 

Yellow- 

Red 

White 

American 

(inches) 

poplar 

oak 

oak 

Aspen 

beech 

Maple 

Cherry 

Hickory 

Birch 

1 

37 

91 

73 

18 

55 

18 

55 

18 

37 

2 

27 

45 

45 

23 

45 

23 

45 

23 

45 

3 

20 

41 

61 

20 

61 

20 

41 

20 

41 

4 

23 

46 

46 

23 

57 

23 

46 

34 

46 

5 

22 

37 

51 

29 

59 

29 

51 

37 

37 

6 

26 

36 

46 

26 

61 

31 

51 

36 

41 

7 

22 

34 

45 

26 

64 

34 

49 

37 

37 

8 

23 

29 

43 

29 

63 

37 

49" 

40 

37 

9 

20 

27 

43 

27 

63 

41 

48 

43 

38 

10 

20 

28 

40 

29 

64 

42 

48 

44 

39 

11 

20 

26 

41 

29 

64 

44 

48 

45 

38 

12 

19 

24 

"39 

29 

64 

47 

48 

47 

37 

13 

20 

24 

39 

29 

64 

49 

48 

48 

37 

14 

19 

22 

38 

30 

65 

51 

48 

50 

37 

15 

19 

22 

37 

30 

65 

53 

48 

51 

37 

16 

19 

21 

37 

30 

65 

54 

47 

52 

17 

18 

20 

36 

30 

65 

53 

18 

18 

20 

36 

31 

66 

54 

19 

18 

19 

36 

31 

55 

20 

17 

19 

35 

31 

56 

21 

17 

18 

57 

22 

17 

18 

58 

23 

17 

18 

59 

24 

17 

17 

25 

17 

17 

14 


Table  9. — Specific  gravities  and  densities  of  selected  North  Central  and  Northeastern  tree  species 


Species 


Scientific  name 


Specific 

gravity1 

Density 

*Lbs/fP 

0.31 

19.3 

.36 

22.5 

.40 

25.0 

.43 

26.8 

.52 

32.6 

.46 

28.7 

.48 

30.0 

.35 

21.8 

.40 

25.0 

.41 

25.6 

.40 

25.0 

.53 

33.1 

.38 

23.7 

.64 

39.9 

.55 

34.3 

.62 

38.7 

.50 

31.2 

.72 

44.9 

.54 

33.7 

.63 

39.3 

.63 

39.3 

.68 

42.4 

.42 

26.2 

CONIFERS 

Northern  white-cedar 

Balsam  fir 

Eastern  hemlock 

Jack  pine 

Pitch  pine 

Red  pine 

Virginia  pine 

Eastern  white  pine 

Black  spruce 

Red  spruce 

White  spruce 

Tamarack 
HARDWOODS 

Quaking  aspen 

American  beech 

Paper  birch 

Yellow  birch 

Black  cherry 

Hickory 

Red  maple 

Sugar  maple 

Northern  red  oak 

White  oak 

Yellow-poplar 


Thuja  occidentalism. 
Abies  balsamea(l.)  Mill. 
Tsuga  canadensis  (L.)  Carr. 
Pinus  banksiana  Lamb . 
Pinus  rigidaNWW. 
Pinus  resinosafk\\. 
Pinus  virginianaMWl. 
Pinus  strobusi. 
Picea  mariana  ( M  i  1 1 . )  B .  S .  P. 
Picea  rubens  Sarg. 
Picea  glauca  (Moench)  Voss 
Larix laricina  (Du  Roi)  K.  Koch 

Populus  tremuloides  Michx. 
Fagus  grandi  folia  E  h  rh . 
Betula  papyrifera  Marsh . 
Betula  alleghaniensisBrWton 
PrunusserotinaEbrh. 
Caryaspp.  Nutt. 
Acerrubruml. 
Acer saccharum  Marsh. 
Quercus  rubral. 
Quercus  alba  I. 
Liriodendron  tulipi  feral. 


'Weight  when  ovendry  and  volume  at  12  percent  moisture  content.  Table  A-4-2,  U.S.  Forest  Products  Laboratory,  Wood  Handbook,  USDA 
Handbook  72  (Rev.  1974),  p.  4-41  to  4-55.  U.S.  Government  Printing  Office,  Washington,  D.C. 

2The  average  density  for  coniferous  forest  types  in  the  Northeast  is  26.2  pounds/cubic  foot  and  38.1  pounds/cubic  foot  for  hardwood  types.  To 
obtain  wood  densities  in  pounds  per  cubic  foot,  multiply  the  specific  gravity  by  62.4. 


15 


Table  10.- 

—Basal « 

irea1  table2 

(In 

square 

feet) 

Diameter 

Trees  (number) 

(inches) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

2 

0.02 

0.04 

0.07 

0.09 

0.11 

0.13 

0.15 

0.17 

0.20 

0.22 

3 

.05 

.10 

.15 

.20 

.25 

.29 

.34 

.39 

.44 

.49 

4 

.09 

.17 

.26 

.35 

.44 

.52 

.61 

.70 

.79 

.87 

5 

.14 

.27 

.41 

.55 

.68 

.82 

.95 

1.09 

1.23 

1.36 

6 

.20 

.39 

.59 

.79 

.98 

1.18 

1.37 

1.57 

1.77 

1.96 

7 

.27 

.53 

.80 

1.07 

1.34 

1.60 

1.87 

2.14 

2.41 

2.67 

8 

.35 

.70 

1.05 

1.40 

1.75 

2.09 

2.44 

2.79 

3.14 

3.49 

9 

.44 

.88 

1.33 

1.77 

2.21 

2.65 

3.09 

3.53 

3.98 

4.42 

10 

.55 

1.09 

1.64 

2.18 

2.73 

3.27 

3.82 

4.36 

4.91 

5.45 

11 

.67 

1.32 

1.98 

2.64 

3.30 

3.96 

4.62 

5.28 

5.94 

6.60 

12 

.79 

1.57 

2.36 

3.14 

3.93 

4.71 

5.50 

6.28 

7.07 

7.85 

13 

.92 

1.84 

2.77 

3.69 

4.61 

5.53 

6.45 

7.37 

8.30 

9.22 

14 

1.07 

2.14 

3.21 

4.28 

5.35 

6.41 

7.48 

8.55 

9.62 

10.69 

15 

1.23 

2.45 

3.68 

4.91 

6.14 

7.36 

8.59 

9.82 

11.04 

12.27 

16 

1.40 

2.79 

4.19 

5.59 

6.98 

8.38 

9.77 

11.17 

12.57 

13.96 

17 

1.58 

3.15 

4.73 

6.31 

7.88 

9.46 

11.03 

12.61 

14.19 

15.76 

18 

1.77 

3.53 

5.30 

7.07 

8.84 

10.60 

12.37 

14.14 

15.90 

17.67 

19 

1.97 

3.94 

5.91 

7.88 

9.84 

11.81 

13.78 

15.75 

17.72 

19.69 

20 

2.18 

4.36 

6.54 

8.73 

10.91 

13.09 

15.37 

17.45 

19.63 

21.82 

21 

2.41 

4.81 

7.22 

9.62 

12.03 

14.43 

16.84 

19.24 

21.65 

24.05 

22 

2.64 

5.28 

7.92 

10.56 

13.20 

15.84 

18.48 

21.12 

23.76 

26.40 

23 

2.89 

5.77 

8.66 

11.54 

14.43 

17.31 

20.20 

23.08 

25.97 

28.85 

24 

3.14 

6.28 

9.42 

12.57 

15.71 

18.85 

21.99 

25.13 

28.27 

31.42 

25 

3.41 

6.82 

10.23 

13.65 

17.04 

20.45 

23.86 

27.27 

30.68 

34.09 

26 

3.69 

7.37 

11.06 

14.75 

18.44 

22.12 

25.81 

29.50 

33.18 

36.87 

27 

3.98 

7.95 

11.93 

15.90 

19.88 

23.86 

27.83 

31.81 

35.78 

39.76 

28 

4.28 

8.55 

12.83 

17.10 

21.38 

25.66 

29.93 

34.21 

38.48 

42.76 

29 

4.59 

9.17 

13.76 

18.35 

22.93 

27.52 

32.11 

36.70 

41.28 

45.87 

30 

4.91 

9.82 

14.73 

19.63 

24.54 

29.45 

34.36 

29.27 

44.18 

49.09 

'To  find  the  basal  area 

(B.A.)  in  square  feet  from 

i  diameter  (D)  measurement  in  inches,  use 

the  equation: 

B.A.  = 

IT  LT 

0.00545415D2 

4x144 

2Forbes,  R.  D.  1961 .  Forestry  handbook.  Society  of  American  Foresters,  1955.  The  Ronald  Press,  New  York.  Adapted  by  E.  T  Hawes,  U.S. 
Forest  Service,  from  H.  H.  Chapman  and  D.  B.  Demeritt.  Elements  of  forest  mensuration.  J.  B.  Lyon  Co.,  1936. 
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Table  11. 


-Fraction  of  crown  component  weight1  (per  tree),  including  unmerchantable  tip  to  a  4-inch  top,  for 
selected  coniferous  species  by  fuel  size  classes 


FOLIAGE 


D.b.h. 

Jack 

Red  pine 

Balsam 

White 

White 

(inches) 

pine 

Pitch  pine 

fir                  Spruce 

Hemlock                pine 

cedar 

2 

0.19 

0.26 

0.41                     0.33 

0.26                     0.27 

0.32 

4 

.13 

.18 

.28                       .26 

.18 

16 

.27 

6 

.22 

.28 

.37                       .35 

.27 

25 

.37 

8 

.25 

.28 

.37                       .36 

.29 

27 

.39 

10 

.27 

.30 

.40                       .38 

.32 

31 

.41 

12 

.26 

.26 

.35                       .34 

.30 

27 

.37 

14 

.26 

.26 

.35                       .34 

.31 

29 

.38 

16 

.23 

.20 

.29                       .30 

.26 

25 

.34 

18 

.21 

.29                       .30 

25 

.34 

20 

.24 

22 

BRANCHWOODOto  1/4  inch 

2 

0.12 

0.04 

0.16                    0.16 

0.13                     0.14 

0.08 

4 

.09 

.02 

11                       .13 

.10 

09 

.06 

6 

.17 

.03 

15                       .19 

.15 

14 

.09 

8 

.20 

.03 

15                       .20 

.16 

17 

.09 

10 

.22 

.04 

16                       .21 

.17 

18 

.10 

12 

.21 

.03 

14                       .21 

.15 

19 

.09 

14 

.22 

.03 

14                       .21 

.16 

20 

.09 

16 

.21 

.02 

12                       .19 

.13 

19 

.08 

18 

.02 

12                       .19 

20 

.08 

20 

.18 

20 

BRANCHWOOD1  4  to  1  inch 

2 

0.12 

0.21 

0.14                     0.13 

0.13                     0.13 

0.17 

4 

.10 

.17 

.11                       .12 

.10 

10 

.15 

6 

.20 

.27 

.17                       .17 

.16 

16 

.22 

8 

.26 

.32 

.23                       .21 

.20 

21 

.26 

10 

.29 

.35 

.24                       .23 

.22 

23 

.27 

12 

.30 

.34 

.29                       .25 

.24 

26 

.27 

14 

.27 

.35 

.30                       .26 

.25 

27 

.28 

16 

.25 

.33 

.32                       .27 

.26 

28 

.26 

18 

.33 

.33                       .27 

29 

.26 

20 

.28 

29 

BRANCHW00D1to3inches 

2 

0.48 

0.43 

0.25                     0.33 

0.41                     0 

40 

0.37 

4 

.13 

.17 

11 

10 

.13 

13 

.11 

6 

.17 

.24 

15 

14 

.20 

19 

.16 

8 

.15 

.25 

15 

14 

.21 

18 

.17 

10 

.13 

.23 

14 

13 

.19 

16 

.16 

12 

.18 

.28 

18 

16 

.25 

19 

.22 

14 

.21 

.27 

18 

16 

.24 

18 

.22 

16 

.28 

.31 

25 

22 

.31 

23 

.30 

18 

.31 

24 

21 

22 

.30 

20 

29 

26 

BRANCHWOOD  3+ inches 

2 

0.08 

0.06 

0.04                     0.05 

0.07                     0 

06 

0.06 

4 

.54 

.46 

.39                       .39 

.48 

52 

.41 

6 

.24 

.18 

.16                       .15 

.22 

26 

.16 

8 

.13 

.12 

.09                       .09 

.14 

17 

.09 

10 

.09 

.08 

.06                       .05 

.09 

12 

.06 

12 

.05 

.09 

.04                       .04 

.06 

09 

.04 

14 

.04 

.09 

.03                       .03 

.04 

06 

.03 

16 

.03 

.13 

.02                       .02 

.03 

05 

.02 

18 

.13 

.02                       .02 

04 

.02 

20 

.01 

03 

Fractions  were  developed  from  tables  and  equations  for  similar  western  species  using  information  from  Brown  etal.  (1 977)  and  Brown  (1 978) . 
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Table  12. — Fraction  of  crown  branchwood1  (per  tree),  including 

unmerchantable  tip  to  a  4 -inch  top,  by  fuel  size  classes 

(In  inches) 


D.b.h. 

Aspen 

Oak  and  other  hardwoods 

(inches)      Q-V* 

1/4-1 

1-3          3  + 

0-1/4                V4-1 

1-3 

3  + 

1         0 

14 

0.31 

0.55       0 

00 

0.09       0 

05 

0.86 

0.00 

2 

16 

.24 

.60 

00 

.05 

11 

.84 

.00 

3 

16 

.31 

.53 

00 

.03 

13 

.32 

.52 

4 

12 

.28 

.22 

38 

.04 

18 

.36 

.42 

5 

14 

.33 

.24 

29 

.05 

21 

.40 

.34 

6 

14 

.35 

.29 

22 

.05 

23 

.46 

.26 

7 

15 

.36 

.34 

15 

.05 

23 

.52 

.20 

8 

14 

.35 

.39 

12 

.05 

23 

.57 

.15 

9 

14 

.34 

.43 

08 

.05 

22 

.58 

.15 

10 

13 

.33 

.46 

08 

.04 

21 

.54 

.21 

11 

13 

.32 

.47 

08 

.04 

20 

.49 

.27 

12 

12 

.30 

.50 

08 

.04 

19 

.46 

.31 

13 

12 

.29 

.50 

09 

.04 

18 

.42 

.36 

14 

11 

.28 

.52 

09 

.03 

17 

.40 

.40 

15 

11 

.27 

.52 

10 

.03 

16 

.37 

.44 

16 

10 

.26 

.53 

11 

.03 

15 

.35 

.47 

17 

10 

.25 

.53 

12 

.03 

14 

.33 

.50 

18 

09 

.24 

.54 

13 

.03 

14 

.30 

.53 

19 

09 

.23 

.55 

13 

.03 

13 

.29 

.55 

20 

09 

.22 

.55 

14 

.02 

12 

.28 

.58 

21 

.02 

12 

.26 

.60 

22 

.02 

11 

.25 

.62 

23 

.02 

11 

.24 

.63 

24 

.02 

10 

.23 

.65 

25 

.02 

10 

.22 

.66 

'Fractions  for  aspen  are  from  Loomis  and  Roussopoulos  (1978),  while  those  for  oak  and 
other  hardwoods  are  from  Loomis  and  Blank  (1 981 ) . 
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APPENDIX  I. 


Equations  and  sources  for  crown  weight  prediction  tables. 


Species 

D.b.h. 

Equation.'./ 

2/r2 

Source 

Location 

Top  diameter 

Inches 

Inches 

CONIFERS 

Northern 
white-cedar 

<6 

W 

= 

0.0108H2  -07+0.0040H2 -37+0 .0016H3 -07 

0.89 

Dyer  1967 

Maine 

tree 

>6 

w 

= 

0.01887D1  -^H1  •59-0.00243D1  -39H2.06 

.91 

Dyer  1967 

Maine 

4.0 

Balsam  fir 

<4 

w 

= 

1.2189D2-53 

.96 

Baskerville 
1965 

Eastern 
Canada 

tree 

2* 

w 

= 

2.2728D1-845 

.96 

Roussopoulos—' 

Minnesota 

2.5 

Eastern 
hemlock 

<6 

w 

= 

0.0078H2-192+0.0048H2-320+0.00536H3-343 

.94 

1978 

Young  and 
Carpenter  1967 

Maine 

0.0 

Jack  pine 

_>6 

<4 

>4 

w 
w 
w 

= 

0.03711D2-1679H0. 4292_0 .0498D2.0215H0. 9670 

1.2189D2-53 

1.5914D2.0270 

.98 
.99 
.91 

Young  et  al . 
1964 
Hegyi  1972 

Sando  and  Wick 
1972 

Maine 

Eastern 
Canada 
Great  Lakes 
Region 

4.0 
tree 

2.5 

Pitch  pine 

<4 

w 

= 

2.0243D2-3373 

.99 

Whittaker  and 
Woodwell  1968 

New  York 

tree 

Red  pine 

2.4 
<4 

w 
w 

= 

2.0243D2-3373-1.4469D2-3261 
2.0243D2-3373  (pitch  pine  used) 

.99 

Whittaker  and 
Woodwell  1968 

New  York 

0.0 

24 

w 

= 

8.076(1.284)D 

.91 

Brown  1963 

Michigan 

1.5 

White  pine 

<6 

w 

= 

0.00495H1  -750+0.00333H2-064+.00185H2-814 

.89 

Young  and 
Carpenter  1967 

Maine 

tree 

Black  spruce 

26 

<4 

w 
w 

_ 

0.4464D2.1679H0.42920.0585D2.0215H0.9670 
1.413D2-48  (white  spruce  used) 

.98 

Young  et  al . 
1964 

Maine 

4.0 

24 

w 

= 

2.5986D1-7052 

.90 

Roussopoulos3/ 
1978 

Minnesota 

2.5 

Red  spruce 

<6 

w 

= 

0.0397H1-626+0.01378H1-847+0.00999H2-705 

.94 

Young  and 
Carpenter  1967 

Maine 

tree 

26 

w 

= 

0.4848D2-1679H°-4292-0.0659D2-0215H0-9670 

.98 

Young  et  al. 
1964 

Maine 

4.0 

White  spruce 

<4 

w 

= 

1.413D2-48 

.98 

Baskerville 
1965 

Eastern 
Canada 

tree 

HARDWOODS 

24 

w 

= 

5.5208xCf4_/'xD1-753 

.82 

Keen  1963 

Eastern 
Canada 

3.0 

Aspen 

<4 

w 

= 

0.3640D1  -8545+1 .0246D2 -7859 

.85 

Ribe  1973 

Maine 

tree 

24 

w 

= 

7.O+0.4162D2-5094-0.1235D2-1012 

.97 

Loomis  and 

Roussopoulos 

1978 

Minnesota 

3.0 

(Appendix  I. 

continued  on  next  page) 
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(Appendix  I. 

continued) 

Species 

D.b.h. 

Equation!/ 

2/r2 

Source 

Location 

Top  dian 

Inches 

Inches 

American  beech    <4  W  =  0.8743D1 -5402+2.5854D2  -4868 

>4  W  =  0.837D2-552 

Paper  birch       <6  W  =  0.00219H2 • ' 16+0.00188H2 -276+0.00178H2 -739 

2.6  W  =  0.57O5D2-1679H°-4292-0.O721D2-0215h0-9670 

Black  cherry      <5  W  =  2.5881D2 -42530 

>5  W  =  20. 48931+1 .07958D2-1  .67602D 

Hickory  <5  W  =  1 .93378D2 -62090 

_>5  W=  191. 16897+5. 36555D2-54.98699D 

Red  maple         <5  W  =  1.81301D2  -56226 

>5  W  =  0.93846D2+5.18726D-0. 55683 

Red  oaks         <5  W  =  2.09014D2 -54052 

>5  W  =  114. 40758+3. 55460D2-29  .31907D 

White  oaks        <5  W  =  1 .68565D2 -60982 

X5  W  =  124. 89440+3. 31160D2-32 .77917D 

Yellow-poplar     <5  W  =  1 .57792D2 -51532 

>5  W  =  146. 29742+2. 49589D2-35 .0891  ID 


0.79 
.987 

.97 
.97 

.994 


.987 


.842 


.981 


.793 


.989 


.891 


.985 


.910 


.995 


.732 


Ribe  1973 

Storey  and 
Pong  1957 

Young  and 
Carpenter  1967 

Young  jit  al . 
1964 

Wiant  ^t^  al . 
1977 

Wiant  jat_  al . 
1977 

Wiant  _et_  al . 
1977 

Wiant  et  al . 
1977 

Wiant  ^t^  al . 
1977 

Wiant  et^   al. 
1977 

Wiant  ^t  al . 
1977 

Wiant   et  al. 
1977 

Wiant  ^t^  al . 
1977 

Wiant  ^t  al. 
1977 

Wiant  ^t^  al. 
1977 

Wiant  et^   al . 
1977 


Maine 


North 
Carolina 


Maine 


West 
Virginia 

West 
Virginia 

West 
Virginia 

West 
Virginia 

West 

Virginia 

West 
Virginia 

West 
Virginia 

West 
Virginia 

West 
Virginia 

West 
Virginia 

West 
Virignia 

West 
Virginia 


tree 
0.0 

tree 


4.0 


4.0 


4.0 


4.0 


4.0 


4.0 


4.0 


J./W  =  weight  in  lbs/tree;  D  =  d.b.h.  in  inches;  H  =  tree  height  in  feet. 
2yr2  =  coefficient  of  determination. 

.i/Unpublished  secondary  analysis  of  data  from  Sando  and  Wick  (1972). 

zj Assume  fresh  debris  (including  foliage,  wood,  and  bark)  had  a  moisture  content  of  85  percent.   Original  data  were 
reported  as  fresh  weights.   Dry  weight  was  computed  using  Cf  =   1   =  0.541. 

100 
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APPENDIX  II. 


Equations  and  sources  for  hardwood  foliage  weight  tables. 


Species    and    equation!/  ±J r^ 


Aspen 

W  =  0.1235D2*1012 
American  beech 

W  =  0.311D2-048 
Birch 

W  =  0.243D1-928  .93 

Cherry  (Prunus  pensylvanica) 

W  =  0.2759D1-9784  .87 

Hickory 

W  =  0.101D2-372 
Maple 

W  -  0.066D2-544 
Red  oak  (Quercus  rubra) 


W  =  0.4590D1-5018 
White  oak  (Quercus  alba) 

W  =  0.3802D1-77 
Yellow-poplar 

W  =  0.188D1-775 


.96 


3/ 


Source 


0.98         Loomis  and  Roussopoulos  1978 


.96         Storey  and  Pong  1957 


Storey  and  Pong  1957 


Ribe  1973 


.97         Storey  and  Pong  1957 


.87         Storey  and  Pong  1957 


Loomis  and  Blank  1981 


Ralston  and  Prince  1965 


.92         Storey  and  Pong  1957 


!_'W  =  weight  in  pounds;  D  =  d.b.h.  in  inches. 
2_/r2  =  coefficient  of  determination. 
A.' Information  not  available. 
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APPENDIX  III. 

Crown  weight1  based  on  equations  listed  in  Appendix  I  and  used  to  construct  tables  to  include  unmer- 
chantable bole  tips  to  a  4-inch  top  (weights  above  the  dashed  lines  are  within  the  limits  of  sampled  data) 


(In  pounds  per  tree) 


Specie: 

.  and  unmerchantable  tip  diameter  (in  inches) 

Jack 

Red 

Pitch             Balsam              Black 

White 

American 

D.b.h. 

pine2 

pine3 

pine4                fir2                spruce2 

spruce5 

Aspen6 

beech6 

(inches) 

2Vz 

Vk 

0                  ZVz                  VA 

3 

3 

0 

4 

26 

22 

15                 29                  28 

34 

18 

29 

5 

42 

28 

26                 44                  40 

50 

27 

51 

6 

60 

36 

40                 62                  55 

69 

39 

81 

7 

82 

46 

57                 82                  72 

90 

55 

120 

8 

108 

60 

79               105                  90 

114 

74 

169 

9 

136 

77 

104               131                 110 

141 

98 

228 

10 

169 

98 

134               159                 132 

169 

126 

298 

11 

205 

126 

167                190                 155 

200 

159 

381 

12 

245 

162 

205               223                 180 

233 

197 

475 

13 

288 

208 

248               258                206 

268 

240 

583 

14 

335 

267 

296               296                234 

305 

288 

704 

15 

385 

343 

348               336                263 

344 

342 

840 

16 

439 

441 

405               379                294 

385 

403 

990 

17 

468 

429 

469 

1,156 

18 

536 

474 

541 

1,337 

19 

521 

620 

20 

570 

706 

21 

621 

22 

674 

'Crown  weight  for  conifers  includes  foliage;  crown  weight  for  hardwoods  does  not  include  foliage. 

2For  jack  pine,  balsam  fir,  and  black  spruce,  Lagrange  interpolation  equations  and  weights  of  3-,  4-,  and  6-inch  tips  for  lodgepole  pine,  grand 
fir,  and  Englemann  spruce  (Brown  etal.  1977)  were  used  to  calculate  the  weight  of  a  2-inch  tip  for  each  d.b.h.  class.  The  weights  of  tips  were 
subtracted  from  the  4-inch  tips  to  get  weights  of  the  2-inch  to  4-inch  tips.  Then ,  weights  of  the  2-  to  4-inch  bole  sections  were  converted  to  volumes 
by  dividing  by  the  densities  of  lodgepole  pine,  grand  fir,  and  Engleman  spruce  respectively;  then  the  volumes  were  converted  back  to  weights  of 
jack  pine,  balsam  fir,  and  black  spruce  by  multiplying  these  volumes  by  densities  of  jack  pine,  balsam  fir,  and  black  spruce  respectively. 

3For  red  pine,  calculations  were  made  similar  to  the  above,  using  ponderosa  pine  information  and  a  Lagrange  interpolation  equation  for  a  1 -inch 
top. 

"Equation  for  branches  only  and  does  not  include  the  tree  bole.  Weights  by  d.b.h.  of  unmerchantable  bole  tips  to  a  4-inch  top  for  ponderosa  pine 
(Brown  etal.  1 977)  were  used,  then  converted  to  volumes  by  dividing  by  the  density  of  ponderosa  pine;  then  the  volumes  were  converted  back  to 
weights  of  pitch  pine  by  multiplying  by  the  density  of  pitch  pine. 

Equation  based  on  a  3-inch  top.  The  difference  between  a  3-inch  top  and  a  4-inch  top  of  Englemann  spruce  (Brown  etal.  1 977)  was  used  to  get 
the  weight  of  the  3-  to  4-inch  bole  section.  Then,  using  the  method  described  above  for  pitch  pine,  weights  of  the  3-  to  4-inch  bole  sections  were 
converted  to  volumes  and  back  to  weights. 

6For  aspen  and  American  beech ,  information  on  tip  weights  of  northern  red  oak  was  used  to  calculate  weights  of  tips  for  each  d.b.h.  class. 
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APPENDIX  IV. 
Conversion  Factors 

All  units  are  presented  in  U.S.  standard  mea- 
surements regardless  of  the  units  given  in  the  source 
reference.  The  units  can  be  converted  to  metric  (SI) 
measurements  using  the  following  conversion  fac- 
tors: 


To  convert: 

to:                                  Multiply  by: 

inches 

centimeters                      2.540 

feet 

meters                            0.3048 

chains 

meters                          20.12 

acres 

hectares                          0.4047 

cubic  teet 

cubic  meters                    0.02832 

pounds 

grams                          453.59 

pounds 

kilograms                         0.45359 

tons  per  acre 

kilograms  per                   0.2243 

square  meter 

U.S.  Standard  Measurement  Conversions: 

APPENDIX  V. 

Similar  Species 

The  tables  presented  can  be  used  for  species  with 
similar  crown  characteristics: 


For: 

Use: 

Virginia  pine 

Jack  pine 

Tamarack 

Western  larch  (Brown  etal.  1977) 

Sugar  maple 

Red  maple 

Yellow  birch 

Paper  birch 

Balsam  poplar 

Quaking  aspen 

To  convert  tons  per  acre  to  cords  or  cunits  per  acre, 
take  the  pounds  per  acre  of  usable  wood  and  divide 
by  the  density  of  the  species,  or  use  an  average  den- 
sity of  38.1  pounds  per  cubic  foot  for  northeastern 
hardwood  forest  types  or  26.2  pounds  per  acre  for 
coniferous  forest  types.  Divide  this  amount  by  90 
cubic  feet  per  cord  to  get  cords  per  acre,  or  by  100 
cubic  feet  to  get  cunits  per  acre. 

Example:  There  are  10  tons  per  acre  of  hardwood 
material  3  inches  and  larger  that  can  be  used  as  an 
energy  source. 

10  tons/acre  =  20,000  pounds. 

20,000  pounds  ■*■  38.1  pounds/foot3  ■*■  90  feet3  = 
5.8  cords/acre. 


20,000  pounds  - 
5.2  cunits/acre. 


38.1  pounds/foot3  +  100  feet3  = 


U.S.  Government  Printing  Office:  1982-  665-442/154  Region  No.  6 
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Freeman,  Duane  R.;  Loomis,  Robert  M.;  Roussopoulos,  Peter  J. 

Handbook  for  predicting  slash  weight  in  the  Northeast.  Gen.  Tech. 
Rep.  NC-75.  St.  Paul,  MN:  U.S.  Department  of  Agriculture,  Forest 
Service,  North  Central  Forest  Experiment  Station;  1982.  23  p. 

Tables  are  provided  for  estimating  tree  crown  weights  based  on 
species  and  diameters  (d.b.h.)  for  10  conifer  and  9  hardwood  species 
or  species  groups  of  the  North  Central  and  Northeastern  United 
States.  Procedures  are  given  for  predicting  slash  weights  resulting 
from:  cutting  timber,  trampling  during  logging  activities,  and  defect 
and  breakage  left  on  the  site  after  cutting. 

KEY  WORDS:  Fuel  management,  slash,  debris  prediction,  forest 
fuels,  tree  biomass. 
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HOW  TO  ESTIMATE  WEIGHTS  OF  NORTHERN 
RED  OAK  CROWNS  IN  A  STAND 


Robert  M.  Loomis,  Fire  Management  Scientist, 

and  Richard  W.  Blank,  Biological  Technician, 

East  Lansing,  Michigan 


Tree  crowns  may  become  a  significant  forest  fuel, 
particularly  after  logging  operations,  insect  epidem- 
ics, high  winds,  or  ice  storms.  To  appraise  potential 
fire  behavior  after  cutting  or  other  disturbances,  a 
method  has  been  developed1  to  estimate  crown  fuel 
weights  in  stands  of  northern  red  oak  (Quercus  rubra 
L.).  The  estimates  should  also  be  reasonably  accu- 
rate for  other  black  oak  species  and  other  "hard" 
hardwoods  with  similar  crown  form  (such  as  hick- 
ory), and  be  usabl  >  throughout  the  eastern  United 
States.  The  methoa  can  also  be  used  to  estimate  fiber 
amounts. 

ESTIMATING  DRY 

WEIGHTS  OF  FOLIAGE  AND 

BRANCHWOOD 

To  estimate  weights  of  foliage  and  branchwood 
(including  bark),2  the  "variable  radius  plot"  tech- 
nique is  used.  If  a  10-factor  prism  is  used,  for  ex- 
ample, each  tree  tallied  represents  10  square  feet  of 
basal  area  (BA)  per  acre.  The  d.b.h.  and  crown  ratio 
(CR)  of  each  tallied  tree  must  also  be  determined. 
(Crown  ratio  is  the  ratio  of  live  crown  length  to  total 
tree  height  expressed  as  a  percentage.)  From  d.b.h., 
crown  ratio,  and  basal  area  per  acre  represented,  you 
can  determine  the  weights  of  the  following  crown 
components: 


1Loomis,  R.  M.;  Blank,  R.  W.  Estimating  northern 
red  oak  crown  component  weights  in  the  Northeastern 
United  States.  Res.  Pap.  NC-194.  St.  Paul,  MN:  U.S. 
Department  of  Agriculture,  Forest  Service,  North 
Central  Forest  Experiment  Station;  1981.  9  p. 

2"Branchwood"  and  also  "holewood"  as  used  in  this 
report  refer  to  both  wood  and  bark. 


•  Dry  weight  of  live  branchwood  by  diameter  class 
(table  1). 

•  Total  dry  weight  of  all  live  branchwood  (table  2). 

•  Dry  weight  of  dead  branchwood  by  diameter  class 
and  total  weight  (table  3). 

•  Dry  weight  of  foliage  (table  4). 

•  Dry  weight  of  bole  sections  between  1  and  3 
inches  in  diameter  (table  5). 


Examples 


The  following  examples  show  how  to  determine 
crown  component  weights,  both  in  pounds  per  square 
foot  of  basal  area  and  pounds  per  acre  for  the  stand, 
from  tables  1  through  5.3 

First  collect  field  data  and  combine  tallied  trees 
into  groups  by  d.b.h.  and  crown  ratio.  Seven  tallied 
trees  are  collected  this  way  in  the  sample  worksheets 
(figs.  1-4).  Since  the  instrument  used  has  a  basal  area 
factor  of  10,  multiply  the  number  of  tallied  trees  in 
a  group  by  10  to  get  the  "square  feet  of  basal  area 
per  acre  represented"  (e.g.,  3  trees  x  10  BAF  =  30 
square  feet  BA/acre).  Note  that  "30"  has  been  in- 
serted in  the  proper  column  in  figures  1-4. 


3Any  table  value  "per  square  foot  of  basal  area"  can 
be  converted  to  "per  tree"  by  multiplying  the  table 
value  by  the  number  of  actual  square  feet  of  basal 
area  contained  by  the  tree.  For  example,  a  tree  with 
a  d.b.h.  of  10  inches  contains  0.55  square  foot  of  basal 
area.  Assume  that  the  tree  has  a  50  percent  crown 
ratio.  Table  4  shows  27  pounds  per  square  foot  of 
basal  area  of  foliage.  Thus:  27  pounds  per  square  foot 
of  basal  area  x  0.55  square  foot  of  basal  area  per  tree 
-  about  15  pounds  of  foliage  per  tree. 


Table  1. — Dry  weight  of  northern  red  oak  live  branchwood1  by  diameter  class 

Crown  ratio2  (percent) 


D.b.h. 

20 

30 

40 

50 

(inches) 

0-Va 

Va-1 

1-3 

3  +  3 

0-V4 

V4-1 

1-3 

3  + 

0-1/4 

V4-1 

1-3 

3  + 

0-1/4 

V4-1 

1-3 

3  + 

Pounds  per  square  foot  of  basal 

area 

1 

18 

18 

18 

18 

18 

18 

2 

9 

9 

14 

18 

18 

32 

23 

50 

3 

8 

16 

12 

33 

16 

53 

20 

65 

14 

4 

7 

23 

10 

41 

3 

14 

53 

21 

18 

64 

45 

5 

7 

29 

10 

40 

17 

12 

51 

39 

16 

62 

69 

6 

6 

28 

7 

9 

40 

28 

12 

51 

61 

15 

61 

92 

7 

6 

27 

12 

9 

37 

37 

12 

49 

75 

14 

60 

120 

8 

6 

28 

18 

8 

37 

49 

11 

49 

89 

13 

57 

129 

11 

9 

5 

27 

25 

8 

36 

59 

11 

50 

95 

10 

13 

57 

129 

34 

10 

5 

26 

29 

8 

37 

64 

5 

10 

48 

93 

28 

13 

59 

126 

55 

11 

5 

26 

33 

7 

36 

64 

15 

10 

45 

97 

41 

12 

56 

129 

76 

12 

5 

25 

37 

2 

7 

36 

64 

24 

10 

46 

95 

56 

12 

55 

129 

97 

13 

5 

26 

36 

7 

7 

37 

64 

33 

9 

46 

94 

71 

12 

56 

124 

118 

14 

5 

25 

36 

12 

7 

36 

64 

41 

9 

47 

93 

83 

11 

54 

125 

138 

15 

5 

25 

36 

16 

7 

36 

64 

50 

9 

45 

93 

98 

11 

55 

125 

156 

16 

4 

25 

36 

21 

6 

34 

64 

59 

9 

46 

92 

110 

11 

55 

124 

175 

17 

4 

25 

36 

25 

6 

35 

63 

67 

8 

46 

92 

124 

10 

55 

122 

195 

18 

4 

24 

36 

31 

6 

35 

63 

75 

8 

45 

90 

138 

10 

54 

124 

212 

19 

4 

25 

36 

35 

6 

35 

62 

84 

8 

45 

91 

150 

10 

53 

125 

230 

20 

4 

24 

36 

39 

6 

35 

62 

92 

8 

44 

92 

162 

10 

51 

126 

247 

21 

4 

24 

37 

43 

6 

35 

63 

99 

8 

43 

92 

175 

10 

53 

122 

266 

22 

4 

24 

36 

48 

6 

34 

63 

107 

8 

42 

92 

188 

10 

52 

122 

285 

23 

4 

24 

36 

52 

6 

34 

63 

115 

8 

44 

92 

198 

9 

54 

121 

301 

24 

4 

24 

36 

56 

6 

32 

63 

123 

7 

42 

92 

211 

10 

51 

125 

315 

25 

4 

23 

35 

60 

6 

34 

60 

132 

7 

44 

91 

222 

9 

53 

119 

335 

Crown  ratio2  (percent) 

D.b.h. 

60 

70 

80 

(inches) 

0-1/4 

V4-1 

1-3 

3  + 

0-V4 

V4-1 

1-3 

3  + 

0-V4 

1/4-1 

1-3 

3  + 

Pounds  per  square  foot  of  basal 

area 

1 

37 

18 

37 

37 

37 

37 

2 

28 

69 

32 

92 

5 

37 

101 

18 

3 

22 

75 

33 

26 

86 

55 

31 

94 

79 

4 

21 

71 

69 

24 

81 

101 

29 

96 

138 

5 

20 

72 

110 

23 

81 

147 

26 

88 

191 

6 

18 

71 

138 

21 

81 

188 

24 

92 

244 

7 

17 

71 

165 

3 

20 

79 

206 

23 

23 

90 

239 

49 

8 

16 

69 

163 

34 

19 

77 

198 

66 

22 

86 

241 

97 

9 

16 

68 

161 

66 

18 

77 

199 

104 

21 

86 

240 

143 

10 

15 

66 

161 

95 

18 

77 

198 

137 

20 

86 

233 

191 

11 

15 

65 

164 

120 

17 

76 

198 

171 

20 

83 

233 

233 

12 

14 

64 

163 

148 

17 

73 

199 

207 

19 

85 

232 

275 

13 

14 

65 

162 

174 

16 

73 

194 

242 

18 

86 

228 

319 

14 

14 

65 

157 

201 

16 

74 

195 

273 

18 

79 

234 

357 

15 

13 

66 

157 

227 

15 

73 

194 

306 

17 

84 

225 

399 

16 

13 

65 

155 

253 

15 

72 

192 

340 

16 

82 

229 

435 

17 

13 

63 

158 

275 

15 

69 

195 

370 

16 

79 

232 

472 

18 

12 

62 

160 

298 

14 

74 

190 

400 

17 

75 

234 

511 

19 

12 

60 

161 

323 

14 

71 

191 

432 

16 

80 

227 

550 

20 

12 

63 

156 

347 

14 

67 

191 

463 

16 

75 

227 

589 

21 

11 

61 

156 

372 

14 

70 

191 

490 

15 

79 

226 

622 

22 

11 

64 

156 

392 

14 

66 

190 

523 

16 

72 

235 

655 

23 

11 

59 

155 

419 

13 

69 

189 

550 

15 

76 

223 

699 

24 

11 

62 

153 

439 

13 

72 

186 

576 

15 

80 

219 

731 

25 

11 

58 

158 

460 

13 

66 

192 

603 

14 

72 

226 

765 

'Includes  bolewood  less  than  1  inch  In  diameter.  Branchwood  and  bolewood  include  wood  and  bark. 

The  ratio  of  live  crown  length  to  total  tree  height  expressed  as  a  percent. 

3Due  to  rounding,  the  sum  of  the  four  diameter  classes  may  not  equal  the  total  value  given  in  table  2. 


Table  2. — Total  dry  weight  of  northern  red  oak  live 

branchwood1 

(In  pounds  per  square  foot  of  basal  area) 


Table   3. — Dry   weight  of  northern   red  oak   dead 
branchwood1  by  diameter  class  and  total  weight 

(In  pounds  per  square  foot  of  basal  area) 


D.b.h. 

Crown  ratio2  (percent) 

D.b.h. 
(inches) 

Diameter  class  (inches) 

(inches) 

20 

18 

30 

18 

40 

37 

50 

37 

60 

55 

70 

73 

80 

92 

o-v« 

V4-1 

1-3 

3  + 

Total2 

1 

1 

18.0 

55 

73 

2 

18 

32 

50 

73 

96 

124 

151 

2 

9.2 

46 

55 

3 

24 

45 

69 

100 

132 

169 

204 

3 

6.1 

41 

47 

4 

30 

56 

88 

126 

160 

206 

264 

4 

5.7 

38 

44 

5 

35 

67 

103 

147 

198 

249 

308 

5 

4.4 

37 

41 

6 

41 

76 

122 

168 

229 

290 

357 

6 

3.6 

35 

0.5 

39 

7 

45 

86 

135 

191 

254 

326 

400 

7 

3.0 

23 

12 

37 

8 

52 

95 

149 

212 

284 

361 

444 

8 

2.6 

16 

17 

37 

9 

57 

104 

165 

233 

310 

396 

489 

9 

2.0 

12 

21 

0.5 

34 

10 

60 

114 

178 

253 

337 

429 

530 

10 

1.6 

8.8 

22 

1.6 

33 

11 

65 

123 

192 

273 

364 

462 

570 

11 

1.5 

6.7 

23 

2.6 

33 

12 

69 

131 

206 

292 

388 

495 

610 

12 

1.3 

5.1 

22 

3.6 

32 

13 

74 

140 

219 

310 

413 

526 

650 

13 

1.1 

3.9 

23 

4.0 

31 

14 

79 

148 

232 

329 

438 

557 

687 

14 

0.9 

3.2 

22 

4.6 

31 

15 

82 

156 

245 

347 

462 

588 

726 

15 

0.8 

2.8 

22 

4.8 

30 

16 

87 

164 

257 

365 

486 

619 

763 

16 

0.7 

2.2 

21 

5.3 

29 

17 

91 

172 

269 

382 

509 

649 

799 

17 

0.6 

1.7 

21 

5.5 

29 

18 

95 

179 

282 

400 

533 

678 

837 

18 

0.6 

1.5 

21 

5.7 

28 

19 

99 

187 

294 

418 

556 

708 

872 

19 

0.6 

1.3 

20 

6.1 

28 

20 

103 

195 

306 

434 

578 

736 

907 

20 

0.5 

1.1 

20 

6.0 

27 

21 

107 

203 

318 

451 

601 

765 

943 

21 

0.5 

1.0 

20 

5.8 

27 

22 

111 

210 

330 

468 

623 

793 

978 

22 

0.5 

0.9 

19 

6.1 

27 

23 

115 

218 

341 

485 

645 

821 

1013 

23 

0.5 

0.8 

19 

6.2 

27 

24 

119 

224 

352 

500 

665 

847 

1045 

24 

0.5 

0.8 

19 

6.4 

26 

25 

122 

231 

364 

516 

687 

874 

1078 

25 

0.5 

0.8 

18 

6.2 

26 

'Branchwood  includes  bolewood  less  than  1.0  inch  in  diame- 
ter. Branchwood  and  bolewood  include  wood  and  bark. 

2Crown  ratio  is  the  ratio  of  live  crown  length  to  total  tree  height  ex- 
pressed as  a  percent. 


'Dead  branchwood  includes  material  from  both  within  and  below 
the  live  crown.  Branchwood  refers  to  both  wood  and  bark. 

2Dueto  mathematical  rounding,  the  sum  of  the  four  diameter  classes 
may  not  always  equal  the  total  figures. 


FINDING  THE  DRY  WEIGHT 

OF  LIVE  BRANCHWOOD  BY 

DIAMETER  CLASS 

1.  In  table  1  use  the  appropriate  d.b.h.  and  crown 
ratio  to  obtain  dry  weight  of  live  branchwood  by 
diameter  class  per  square  foot  of  basal  area.  (For 
example,  in  the  worksheet  in  figure  1,  a  12-inch 
d.b.h.  and  50-percent  crown  ratio  yield  12  pounds 
of  live  branchwood  per  square  foot  of  basal  area 
for  the  0-1/4-inch  diameter  class.) 

2.  Multiply  the  pounds  per  square  foot  of  basal  area 
by  the  square  feet  of  basal  area  per  acre  repre- 
sented to  find  the  pounds  in  each  diameter  class 
per  acre  (e.g.,  12  pounds/square  foot  BA  x  30  square 
feet  BA/acre  =  360  pounds  per  acre). 

3.  Repeat  the  process  for  the  other  diameter  classes 
and  the  other  tree  groups  from  the  field  tally. 


FINDING  THE  TOTAL  DRY 

WEIGHT  OF  LIVE 

BRANCHWOOD 

1.  In  table  2,  use  the  appropriate  d.b.h.  and  crown 
ratio  to  find  total  dry  weight,  per  square  foot  of 
basal  area.  The  worksheet  in  figure  2  shows  that 
a  12-inch  d.b.h.  and  50-percent  CR  yields  292 
pounds/square  foot  of  basal  area. 

2.  Multiply  the  pounds  per  square  foot  of  basal  area 
by  the  square  feet  of  basal  area  per  acre  repre- 
sented to  get  the  total  dry  weight  per  acre  for 
each  tree  group.  (Note  in  figure  2  that  292  pounds/ 
square  foot  BA  x  30  square  feet  BA/acre  =  8,760 
pounds/acre.) 

3.  Repeat  the  process  for  the  other  tree  groups  from 
the  field  tally. 


Hable  4. — Dry  weight  of  northern  red  oak  foliage 
(In  pounds  per  square  foot  of  basal  area) 


D.B.h. 
(inches) 


Crown  ratio1  (percent) 


20        30        40        50        60        70 


80 


1 

37 

55 

55 

73 

92 

92 

110 

2 

23 

37 

46 

55 

64 

73 

83 

3 

20 

29 

37 

45 

53 

61 

69 

4 

18 

26 

33 

40 

47 

54 

61 

5 

17 

23 

30 

37 

43 

49 

55 

6 

15 

22 

28 

34 

40 

46 

51 

7 

15 

21 

26 

32 

37 

41 

49 

8 

14 

19 

25 

32 

34 

40 

46 

9 

13 

19 

23 

29 

34 

38 

43 

10 

12 

18 

22 

27 

31 

37 

40 

11 

12 

17 

21 

26 

30 

35 

39 

12 

12 

17 

20 

25 

29 

34 

38 

13 

11 

16 

21 

25 

28 

33 

37 

14 

11 

15 

20 

24 

28 

32 

36 

15 

11 

15 

19 

23 

27 

31 

35 

16 

10 

14 

19 

22 

26 

30 

34 

17 

10 

14 

18 

22 

25 

29 

33 

18 

10 

13 

17 

21 

25 

29 

32 

19 

10 

14 

17 

21 

24 

28 

32 

20 

9 

13 

17 

21 

24 

27 

31 

21 

9 

13 

17 

20 

24 

27 

30 

22 

9 

13 

16 

20 

23 

27 

30 

23 

9 

12 

16 

19 

23 

26 

29 

24 

9 

12 

16 

19 

22 

25 

29 

25 

9 

12 

16 

19 

22 

25 

28 

Table  5. — Dry  weight  of  bole  sections  from  1 
inches  in  diameter 


to  3 


D.b.h. 
(inches) 


1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 


Bole  section 


Pounds  per  square  foot  of  basal  area 

367 

504 

244 

149 

95 

66 

49 

37 

29 

22 

18 

15 

12 

10 

8.2 

7.2 

6.3 

5.1 

4.6 

3.7 

3.3 

3.0 

2.4 

2.2 

2.1 


Crown  ratio  is  the  ratio  of  live  crown  length  to  total  tree  height  ex- 
ressed  as  a  percent. 


FINDING  THE  DRY  WEIGHT 

OF  DEAD  BRANCHWOOD 

BY  FOUR  DIAMETER 

CLASSES  AND  TOTAL 

WEIGHT 

To  get  the  dry  weight  of  dead  branch  wood  in  the 
various  branch  diameter  classes,  find  the  d.b.h. 
of  the  tallied  tree  groups  in  table  3.  (In  the  work- 
sheet in  figure  3,  12-inch  d.b.h.  at  0-1/4-inch  = 
1.3  pounds.) 

To  get  the  dry  weight  of  dead  branchwood  per  acre 
for  each  diameter  class,  multiply  the  pounds  per 
square  foot  of  basal  area  by  square  feet  of  basal 
area  per  acre  represented  (e.g.,  1.3  pounds/square 
foot  BA  x  30  square  feet  BA/acre  =  39  pounds 
acre). 

Repeat  the  process  for  the  other  tree  groups. 

To  get  the  total  dry  weight  of  dead  branchwood 
for  all  diameter  classes  per  square  foot  of  basal 


area,  consult  table  3.  Obtain  the  total  dry  weight 
per  acre  by  multiplying  the  total  pounds  per  square 
foot  of  basal  area  by  the  square  feet  of  basal  area 
per  acre  represented  (e.g.,  using  12-inch  d.b.h., 
32  pounds/square  foot  of  basal  area  x  30  square 
feet  BA/acre  =  960  pounds/acre). 
5.  Repeat  the  process  for  the  other  tree  groups. 

FINDING  THE  DRY  WEIGHT 
OF  FOLIAGE 

1.  To  get  the  dry  weight  of  foliage,  use  the  d.b.h.  and 
crown  ratios  in  table  4.  (See  the  worksheet  in 
figure  4,  using  12-inch  d.b.h.  and  50-percent  CR. 
The  pounds  of  foliage  per  square  foot  of  basal  area 
is  25.) 

2.  Multiply  the  pounds  per  square  foot  of  basal  area 
by  the  square  feet  of  basal  area  per  acre  repre- 
sented to  get  the  total  pounds  of  foliage  per  acre. 
(Note  in  figure  4  that  25  pounds/square  foot  BA 
x  30  square  feet  BA/acre  =  750  pounds  per  acre.) 

3.  Repeat  the  process  for  the  other  tree  groups  from 
the  field  tally. 
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Figure  1. — Sample  worksheet  for  instrument  with  basal  area  factor  10  to  determine  weight  of 
live  branchwood  by  diameter  class  (from  table  1). 
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Figure  2. — Sample  worksheet  for  instrument  with  basal  area  factor  10  to  determine  total  weight 
of  live  branchwood  (from  table  2). 
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Figure  3. — Sample  worksheet  for  instrument  with  basal  area  factor  10  to  determine  dry  weight 
of  dead  branchwood  by  four  diameter  classes  and  total  weight  (from  table  3). 
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Figure  4. — Sample  worksheet  for  instrument  with  basal  area  factor  10  for  determining  dry 
weight  of  foliage  and  of  bole  sections  from  1  to  3  inches  in  diameter  (from  tables  4  and  5). 


FINDING  THE  DRY  WEIGHT 

OF  BOLE  SECTIONS  FROM 

1  TO  3  INCHES  IN 

DIAMETER 

.  To  get  the  dry  weight  of  bole  sections,  use  the 
d.b.h.  of  the  tallied  tree  groups  in  table  5.  (Again, 
see  the  worksheet  in  figure  4.  Using  12-inch  d.b.h., 


the  weight  of  the  bole  section  is  about  15  pounds/ 
square  foot  of  BA.) 

Multiply  the  weight  per  square  foot  of  basal  area 
by  the  square  feet  of  basal  area  per  acre  repre- 
sented to  get  the  pounds  of  bole  sections  per  acre 
(e.g.,  15  pounds/square  foot  BA  x  30  square  feet 
BA/acre  =  450  pounds/acre). 
Repeat  process  for  the  other  tree  groups. 


Loomis,  Robert  M.;  Blank,  Richard  W. 

How  to  estimate  weights  of  northern  red  oak  crowns  in  a  stand. 
Gen.  Tech.  Rep.  NC-76.  St.  Paul,  MN:  U.S.  Department  of  Agricul- 
ture, Forest  Service,  North  Central  Forest  Experiment  Station;  1982. 
8  p. 

Describes  how  to  estimate  the  weights  of  northern  red  oak  and 
other  hardwood  tree  crowns  that  could  become  fuels  after  storms, 
logging,  or  insect  epidemics.  Presents  tables,  sample  worksheets, 
and  examples. 
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5TEREO  PHOTOS  FOR  EVALUATING  JACK  PINE 

SLASH  FUELS 


Richard  W.  Blank,  Fire  Research  Technician 
East  Lansing,  Michigan 


Jack  pine  (Pinus  banksiana  Lamb.)  is  one  of  the 
lost  fire-prone  communities  in  the  Northeastern  and 
lorth  Central  States.  Land  managers  who  prescribe 
re  in  jack  pine  forests  must  recognize  the  impor- 
mce  of  various  fuels  in  order  to  predict  fire  behavior 
nd  plan  for  fire  control  and  smoke  management. 

Where  logging  has  taken  place  in  the  jack  pine 
Dmmunity,  the  most  important  fuel  component  is 
lash  or  logging  residue.  The  size,  depth,  and  dis- 
'ibution  of  jack  pine  slash  strongly  influence  fire 
ehavior  The  small  sizes  are  particularly  important 
i  the  Lake  States  because  residue  from  pulpwood 
perations  tends  to  be  under  3  inches  in  diameter. 

Managers  also  need  to  know  about  the  other  fuels 
i  the  jack  pine  community — litter,  duff,  sedges, 
rasses,  forbs,  shrubs,  and  trees.  In  Michigan,  sedges1 
Zarex  spp.)  are  often  a  major  carrier  of  surface  fire. 

The  purpose  of  the  present  photo  series  is  to  pro- 
ide  land  managers  with  fuel  amounts,  size  classes, 
eights,  and  vertical  distributions  so  that  they  can 
lake  fuel  management  plans  and  decisions  in  cu- 
>ver  jack  pine  without  resorting  to  time-consuming 
nd  expensive  sampling.  The  photos  should  also  be 
elpful  to  those  involved  in  smoke  management  or 
re  training. 

Since  1976,  fire  managers  in  the  western  United 
tates  have  used  photographs  (Maxwell  and  Ward 
376a,  1976b,  1979)  and  stereo  photographs  (Ryan 
id  Johnson  1979)  in  conjunction  with  the  planar 
itercept  method  of  fuel  sampling  (Brown  1974)  for 
;sidue  management.  In  Pennsylvania  a  photo  series 
r  quantifying  hardwood  logging  residue  is  being 
epared.2 


METHODS 

To  represent  a  useful  range  of  fuel  conditions,  we 
selected  photo  points  on  the  basis  of  slash  age,  load- 
ing, continuity,  and  distribution.  (Areas  that  were 
windrowed,  roller  chopped,  or  used  as  landings  were 
avoided.)  We  chose  seven  areas  of  1-year-old  slash 
with  loadings  of  2,  8,  10,  16,  23,  29,  and  31  tons/acre 
and  two  3-year-old  areas  with  loadings  of  12  and  17 
tons/acre.  We  had  intended  to  burn  all  areas,  docu- 
ment burning  conditions,  and  remeasure  to  provide 
fuel  amounts  left  after  burning.  At  the  time  that  this 
photo  series  was  completed,  however,  only  the  3-year- 
old,  17-tons/acre  plot  had  been  burned.  Post  burning 
appearance  and  data  are  given  for  the  burned  plot 
in  Photo  10. 

We  modified  Brown's  planar  intercept  sampling 
method  to  keep  all  randomly  selected  sampling  planes 
within  the  camera's  field  of  view.  To  emphasize  the 
small  fuels,  we  established  a  minimum  of  18  sample 
points  in  the  0-  to  1-inch  size  class.  Each  of  these 
sampling  planes  was  8  feet  long.  This  method  en- 
sured that  the  results  were  within  ±15  percent  of 
the  true  value. 

For  each  plot,  we  laid  out  a  triangular  sampling 
area  measuring  160  feet  along  the  sides  and  ap- 
proximately 75  feet  along  the  base  (fig.  1).  Each  sam- 
pling area  enclosed  about  1/8  of  an  acre.  The  tri- 
angular area  was  truncated  at  the  point  where  it 
was  8  feet  wide,  the  nearest  point  in  the  camera's 
view.  The  camera  was  positioned  10  feet  beyond  that 


1Sedges  and  grasses  will  be  referred  to  as  "grasses' 
this  paper. 


2Wilcox,  Fred.  Photo  series  for  quantifying  forest 
residues  in  the  Pennsylvania  hardwoods.  Unpub- 
lished manuscript  on  file  at  the  Pennsylvania  Bureau 
of  Forestry,  Harrisburg,  Pennsylvania. 


1  inch  =  20  feet 


flag-ir- 


Figure  1. — Plot  sampling  area  and  camera's  field  of  view. 


point,  9  feet  off  the  ground.  (It  did  not  view  the  first 
10  feet.)  To  delineate  the  field  of  view,3  we  set  flags 
at  85  feet  along  the  sides  and  on  the  base  160  feet 
from  the  camera.  An  8-foot  range  pole,  marked  at  1- 
foot  intervals,  was  centered  in  the  field  of  view  50 
feet  from  the  camera  lens  to  show  perspective.  To 
obtain  the  stereo  pairs,  we  used  two  cameras  set  12 
inches  apart. 

We  randomly  selected  at  least  five  1/4  mil-acre 
subsamples  within  the  1/8-acre  sampling  area  and 
clipped,  sorted,  and  measured  grasses,  forbs,  and 
shrubs.  Litter  and  duff  depth  measurements  and 
samples  were  taken  from  the  center  of  each  1/4  mil- 
acre  plot.  All  samples  were  oven-dried  at  105°C  for 
24  hours  and  then  weighed. 


3The  field  of  view  and  sampling  method  are  ap- 
proximately the  same  as  suggested  by  the  U.S.  De- 
partment of  Agriculture  Forest  Service,  1974,  Na- 
tional Fuel  Preliminary  Draft,  27  p.,  on  file  at  U.S. 
Department  of  Agriculture  Forest  Service,  Washing- 
ton, D.C. 


The  prescribed  burn  on  the  plot  with  3-year-ol 
slash,  17  tons/acre  was  conducted  by  crews  from  th 
Michigan  Department  of  Natural  Resources  (DNR 
We  sampled  within  24  hours  of  the  burn,  using  th 
same  method  as  used  for  pre-burn  sampling.  Timbe 
stand  and  logging  information  was  obtained  from  th 
Michigan  DNR  and  U.S.  Forest  Service  District  0 
fices. 


HOW  TO  USE  THIS  PHOTO 
SERIES 


This  photo  series  can  be  used  in  the  field  to  obtai 
a  quick  estimate  of  the  characteristics  of  jack  pin 
slash  and  other  fuels. 

1.  If  the  pre-logging  basal  area  is  available,  use  th 
following  equation  (Roussopoulos  and  Johnso 
1975)  to  get  a  rough  idea  of  the  slash  loading  o 
the  area  of  interest: 

Pre-logging  basal  area  (sq  ft/acre)  x  0.15  =  slasl 
loading  (tons/acre). 


Using  this  slash  loading  figure,  and  the  age  of 
the  slash  (either  1  or  3  years),  turn  to  the  photo 
illustrating  the  same  slash  age  and  loading.  This 
photo  should  show  about  what  you  see  in  your 
area. 

If  no  pre-logging  basal  area  is  available,  choose 
the  photo  that  most  closely  illustrates  what  you 
see  on  the  ground.  Look  at  the  depth  of  the  slash 
and  height  of  the  other  fuels  on  the  photo.  They 
should  roughly  approximate  the  heights  and  depths 
on  the  ground. 

To  double  check,  use  a  pair  of  stereo-glasses  and 
examine  the  stereo  photos  to  determine  more 
closely  the  heights  and  depths  of  the  slash  and 
other  fuels  to  see  that  they  roughly  match  the 
area  you  are  in. 

Once  you  have  matched  the  area  in  the  field  with 
the  photos,  you  can  read  from  the  corresponding 
data  sheet  the  amount  per  acre  of  the  various  sizes 
of  slash  and  of  other  fuels — grasses,  litter,  etc. 
You  can  also  find  the  heights  and  depths  of  slash 
and  the  other  fuels.  These  may  be  usable  in  fire 
behavior  equations. 

The  values,  of  course,  are  simply  estimates;  they 
are  not  exact.  Especially  variable  are  the  fuel 
loadings  other  than  slash.  For  greater  accuracy 
you  would  have  to  make  field  measurements. 

The  stand  information  and  method  of  harvest  given 
on  the  data  sheets  may  also  be  helpful  in  match- 
ing a  photo  with  what  you  see  on  the  ground. 
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Data  sheet  1. — Approximate  fuel  amounts  in  areas  similar  to  Photo  1. 


Fuels 


cms  acre 

Height  or  depth 

Inches 

0.5 

1.0 

0.2 

0.3 

2.0  (Total 

weight  lies  within  1  foot  of  ground) 

0.4 

7.0 

<0.05 

4.0 

0.4 

7.0 

2.8 

0.4 

6.8 

0.4 

10.4 

12.4 

Slash 
Branches 

0.0  -0.25 

0.26-1.0 

1.01-3.0 

3.0  + 
Needles 

Subtotal 

Grasses 

Forbs 

Shrubs 

Litter 

Duff 

Subtotal 
Grand  Total  Fuel  Loading 


Location  and  Date:  Sec  22,  T25N,R1W,  Mio  District,  Huron-Manistee  National  Forest;  June 

1979. 
Stand  Information:  50-year-old  jack  pine  with  scattered  red  oaks.  Site  index  for  jack  pine 

was  45;  basal  area  30  square  feet/acre;  average  volume  1.6  cords/acre.  Photo  was  taken 

from  same  point  as  Photo  No.  2  (1-year-old,  8  tons/acre)  after  almost  all  1-inch  diameter  or 

larger  slash  had  been  removed. 
Method  of  Harvest:  Feller-buncher. 


Photo  1. — One-year-old  slash,  2  tons/acre. 


Data  sheet  2. —  Approximate  fuel  amounts  in  areas  similar  to  Photo  2. 
Fuels  Tons/acre  Height  or  depth 

Inches 
Slash 
Branches 

0.0  -0.25  1.3 

0.26-1.0  1.0 

1.01-3.0  2.1 

3.0+  2.9 

Needles  0.6 

Subtotal 

Grasses 

Forbs 

Shrubs 

Litter 

Duff 

Subtotal  10.4 

Grand  Total  Fuel  Loading  18.3 

'Vertical  distribution  of  slash:  Height  (feet)  Tons/acre 

0-1  7.5 

1-2  0.4 

Location  and  Date:  Sec  22,  T25N,R1W,  Mio  District,  Huron-Manistee  National  Forest;  June 

1979. 
Stand  Information:  50-year-old  jack  pine  with  scattered  red  oaks.  Site  index  for  jack  pine 

was  45;  basal  area  30  square  feet/acre;  average  volume  1.6  cords/acre. 
Method  of  Harvest:  Feller-buncher. 
Time  of  Harvest:  Winter,  1978-1979. 


7.91 

0.4 

7.0 

<0.05 

4.0 

0.4 

7.0 

2.8 

0.4 

6.8 

0.4 

Photo  2. — One-year-old  slash,  8  tons/acre. 


Datasheet3. —  Approximate  fuel  amounts  in  areas  similar  to  Photo  3. 

Fuels  Tons/acre  Height  or  depth 

Inches 
Slash 
Branches 

0.0  -0.25  1.4 

0.26-1.0  1.6 

1.01-3.0  2.5 

3.0+  4.2 

Needles  _07 

Subtotal  10. 41 

Grasses  0.2  7.0 

Forbs  —  — 

Shrubs  0.8  6.0 

Litter  6.3  0.7 

Duff  _4J!  0.3 

Subtotal  11.5 

Grand  Total  Fuel  Loading  21.9 

'Vertical  distribution  of  slash:  Height  (feet)  Tons/acre 

0-1  10.4 

Location  and  Date:  Sec  22,  T25N,R1W,  Mio  District,  Huron-Manistee  National  Forest;  July 

1979. 
Stand  Information:  50-year-old  jack  pine  with  scattered  red  oaks.  Site  index  for  jack  pine 

was  45;  basal  area  30  square  feet/acre;  average  volume  1.6  cords/acre. 
Method  of  Harvest:  Feller-buncher. 
Time  of  Harvest:  Winter,  1978-1979. 
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Photo  3. — One-year-old  slash,  10  tons/acre. 


Data  sheet  4. — Approximate  fuel  amounts  in  areas  similar  to  Photo  4. 
Fuels  Tons/acre  Height  or  depth 

Inches 
Slash 
Branches 

0.0  -0.25  2.8 

0.26-1.0  3.7 

1.01-3.0  6.3 

3.0+  0.6 

Needles  _2A 

Subtotal  15.81 

Grasses  0.1  9.0 

Forbs  —  — 

Shrubs  <0.05  6.0 

Litter  6.0  0.7 

Duff  _9_0  0.4 

Subtotal  15.1 

Grand  Total  Fuel  Loading  30.9 

'Vertical  distribution  of  slash:  Height  (feet)  Tons/acre 

0-1  14.5 

1-2  1.1 

2-3  0.2 

Location  and  Date:  Sec  30,  T25N,R4W,  Roscommon  Forest  area,  Michigan  Department  of 

Natural  Resources;  September  1980. 
Stand  Information:  50-year-old  jack  pine.  Site  index  for  jack  pine  was  50;  basal  area  180 

square  feet/acre;  average  volume  14  cords/acre. 
Method  of  Harvest:  Feller-buncher. 
Time  of  Harvest:  Winter  and  Spring,  1979. 
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Photo  4. — One-year-old  slash,  16  tons/acre. 
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Datasheet5. —  Approximate  fuel  amounts  in  areas  similar  to  Photo  5. 

Fuels  Tons/acre                       Height  or  depth 

Inches 
Slash 
Branches 

0.0  -0.25  2.8 

0.26-1.0  6.6 

1.01-3.0  6.0 

3.0+  5.7 

Needles  1.7 

Subtotal  22. 81 

Grasses  <0.05                              5.0 

Forbs  —                                 — 

Shrubs 

Litter 

Duff 

Subtotal 
Grand  Total  Fuel  Loading 


3.7 

0.3 

12.0 

0.5 

15.7 

38.5 

Height  (feet) 

Tons/acre 

0-1 

22.0 

1-2 

0.7 

2-3 

0.1 

'Vertical  distribution  of  slash: 


Location  and  Date:  Sec  22,  T22N,R1W,  Cadillac  District,  Huron-Manistee  National  Forest; 
September  1979. 

Stand  Information:  40-year-old  jack  pine  plantation.  Site  index  for  jack  pine  was  50;  basal 
area  170  square  feet/acre;  average  volume  23  cords/acre.  This  was  part  of  a  168-acre  plan- 
tation that  was  ice-damaged. 

Method  of  Harvest:  Feller-buncher  and  chain  saw. 

Time  of  Harvest:  Winter  and  Spring,  1978-1979. 
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Photo  5. — One-year-old  slash,  23  tons/acre. 
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Data  sheet  6. —  Approximate  fuel  amounts  in  areas  similar  to  Photo  6. 

Fuels  Tons/acre                       Height  or  depth 

Inches 
Slash 
Branches 

0.0  -0.25  4.7 

0.26-1.0  8.8 

1.01-3.0  7.0 

3.0+  5.5 

Needles  _2,8 

Subtotal  28. 81 

Grasses  —                                 — 

Forbs  —                                 — 

Shrubs  —                                 — 

Litter  3.1                                0.3 

Duff  14.6                                0.9 

Subtotal 
Grand  Total  Fuel  Loading 


3.1 

14.6 

17.7 

46.5 

Height  (feet) 

0-1 

1-2 

2-3 

3-4 

'Vertical  distribution  of  slash:  Height  (feet)  Tons/acre 

26.6 

2.2 

<0.05 

<0.05 

Location  and  Date:  Sec  22,  T22N,R1W,  Cadillac  District,  Huron-Manistee  National  Forest; 
September  1979. 

Stand  Information:  40-year-old  jack  pine  plantation.  Site  index  for  jack  pine  was  50;  basal 
area  170  square  feet/acre;  average  volume  23  cords/acre.  This  was  part  of  a  168-acre  plan- 
tation that  was  ice-damaged. 

Method  of  Harvest:  Feller-buncher  and  chain  saw. 

Time  of  Harvest:  Winter  and  Spring,  1978-1979. 
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Photo  6. — One-year-old  slash,  29  tons/acre. 
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Data  sheet  7. — Approximate  fuel  amounts  in  areas  similar  to  Photo  7. 
Fuels  Tons/acre  Height  or  depth 

Inches 
Slash 
Branches 

0.0  -0.25  3.2 

0.26-1.0  9.9 

1.01-3.0  6.2 

3.0+  9.8 

Needles  _2J) 

Subtotal  31. 11 

Grasses  0.1  5.0 

Forbs  —  — 

Shrubs 

Litter 

Duff 

Subtotal 
Grand  Total  Fuel  Loading 

Vertical  distribution  for  slash: 


Location  and  Date:  Sec  22,  T22N,R1W,  Cadillac  District,  Huron-Manistee  National  Forest; 
August  1979. 

Stand  Information:  40-year-old  jack  pine  plantation.  Site  index  for  jack  pine  was  50;  basal 
area  170  square  feet/acre;  average  volume  23  cords/acre.  This  was  part  of  a  168-acre  plan- 
tation that  was  ice-damaged. 

Method  of  Harvest:  Feller-buncher  and  chain  saw. 

Time  of  Harvest:  Winter  and  Spring,  1978-1979. 


2.1 

0.3 

9.8 

0.5 

12.0 

43.1 

Height  (feet) 

Tons/acre 

0-1 

26.8 

1-2 

3.4 

2-3 

0.7 

3-4 

0.1 
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Photo  7. — One-year-old  slash,  31  tons/ acre. 
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Datasheet8. — Approximate  fuel  amounts  in  areas  similar  to  Photo  8. 
Fuels  Tons/acre  Height  or  depth 

Inches 
Slash 
Branches 

0.0  -0.25  0.9 

0.26-1.0  3.2 

1.01-3.0  5.5 

3.0+  2.1 

Needles  JM 

Subtotal  11.81 

Grasses  0.5  8.0 

Forbs  —  — 

Shrubs  0.1  5.0 

Litter  4.5  0.4 

Dutf  _93  0.5 

Subtotal  14.4 

Grand  Total  Fuel  Loading  26.2 

'Vertical  distribution  of  slash:  Height  (feet)  Tons/acre 

0-1  11.5 

1-2  0.3 

Location  and  Date:  Sec  8,  T24N,R2W,  Roscommon  Forest  area,  Michigan  Department  of 
Natural  Resources;  August  1979. 

Stand  Information:  46-year-old  jack  pine  with  scattered  red  oaks.  Site  index  for  jack  pine 
was  50;  basal  area  180  square  feet/acre.  After  logging,  firewood  was  taken  from  tops  re- 
sulting in  a  low  loading  for  slash  greater  than  3  inches  in  diameter. 

Method  of  Harvest:  Feller-buncher  and  chain  saw. 

Time  of  Harvest:  1976. 
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Photo  8. — Three-year-old  slash,  12  tons/acre. 
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Data  sheet  9. —  Approximate  fuel  amounts  in  areas  similar  to  Photo  9. 
Fuels  Tons/acre  Height  or  depth 

Inches 
Slash 
Branches 

0.0  -0.25  1.7 

0.26-1.0  4.6 

1.01-3.0  5.8 

3.0+  4.7 

Needles  _02 

Subtotal  17.01 

Grasses  0.5  9.0 

Forbs  —  — 

Shrubs  0.6  7.0 

Litter  6.8  0.5 

Dutt  10J5  0.9 

Subtotal  18.4 

Grand  Total  Fuel  Loading  35.4 

'Vertical  distribution  of  slash:  Height  (feet)  Tons/acre 

0-1  15.7 

1-2  1.2 

2-3  0.1 

Location  and  Date:  Sec  8,  T24N,R2W,  Roscommon  Forest  area,  Michigan  Department  of 

Natural  Resources;  August  1979. 
Stand  Information:  46-year-old  jack  pine.  Site  index  was  50;  basal  area  180  square  feet/acre. 

Most  of  the  larger  material  is  hidden  in  the  grass. 
Method  of  Harvest:  Feller-buncher  and  chain  saw. 
Time  of  Harvest:  1976. 
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Photo  9. — Three -year-old  slash,  17  tons/acre. 
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Data  sheet  10. — Approximate  fuel  amounts  in  areas  similar  to  Photo  10. 
Fuels  Tons/acre  Height  or  depth 

Inches 
Slash 
Branches 

0.0  -0.25  0.1 

0.26-1.0  0.3 

1.01-3.0  0.5 

3.0+  1.7 

Needles  — 

Subtotal  2.6  (Total  weight  lies  withinl  foot  of  ground) 

Grasses  —  — 

Forbs  —  — 

Shrubs  r —  r  — 

Litter  J  J 

Duff  11.7  10.1 

Subtotal  1.7 

Grand  Total  Fuel  Loading  4.3 

Location  and  Date:  Same  as  photo  9,  only  after  burning;  October  1979. 

Prescribed  Burn  Information:  The  prescribed  burn  was  on  9/19/79  after  28  days  since  the 
last  rain  of  0.56  inch.  Perimeter  ignition  was  used  for  lighting  the  fire  at  13:35;  ignition 
was  complete  at  14:05.  At  12:30  the  temperature  was  58°,  wind  6  MPH,  relative  humidity 
38  percent,  and  cloud  cover  0  percent.  Using  NFDRS  Model  C,  the  spread  component  was 
1,  energy  release  component  was  16,  ignition  component  was  28,  and  burning  index  was  5. 
All  material  2.75  inches  in  diameter  and  smaller  was  consumed  in  the  burn. 
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Photo  10. — Three-year-old  slash,  3  tons/acre  (post-burn). 
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Blank,  Richard  W. 

Stereo  photos  for  evaluating  jack  pine  slash  fuels.  Gen.  Tech.  Rep.  NC- 
77.  St  Paul,  MN:  U.S.  Department  of  Agriculture,  Forest  Service, 
North  Central  Forest  Experiment  Station;  1982.  23  p. 

Describes  a  quick,  visual  method  for  estimating  jack  pine  logging 
residue  and  other  fuels.  The  method  uses  a  series  of  large  color 
photographs  and  stereo  pairs  as  well  as  data  sheets  that  detail  size 
classes  and  loadings  of  the  logging  slash  and  other  fuels. 
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SUMMARY 

Intensive  culture  is  the  application  of  agronomic  principles  and  prac- 
tices for  the  attainment  of  forestry  objectives.  The  system  is  similiar  to 
mechanized  farming  and  is  characterized  by  high  energy  inputs,  high 
biomass  yields,  and  complete  mechanization.  Intensive  culture  includes 
(a)  establishing  plantations  using  thorough  site  preparation,  weed  con- 
trol, and  mechanized  planting,  (b)  short  rotation,  (c)  close  spacing,  (d)  fast 
growing  hybrids  or  genetically  improved  trees,  (e)  fertilization,  (f)  irri- 
gation, and  (g)  insect  and  disease  management.  Some  of  the  factors  such 
as  proper  site  preparation  and  weed  control  are  essential  to  successful 
plantation  establishment.  Other  factors  may  not  be  critical  by  themselves 
but  must  be  incorporated  to  attain  maximum  growth.  This  paper  describes 
a  step-by-step  procedure  for  establishing  commercial  size  intensively  cul- 
tured plantations  of  hybrid  poplar  and  summarizes  the  state-of-  knowl- 
edge as  developed  during  10  years  of  field  research  at  Rhinelander,  Wis- 
consin. 
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Establishing  Intensively  Cultured 
Hybrid  Poplar  Plantations  for  Fuel  and  Fiber 

Edward  Hansen,  Principal  Hydrologist, 

Rhinelander,  Wisconsin, 

Lincoln  Moore,  Associate  Entomologist, 

East  Lansing,  Michigan, 

Daniel  Netzer,  Forester, 

Rhinelander,  Wisconsin, 

Michael  Ostry,  Associate  Plant  Pathologist, 

St.  Paul,  Minnesota, 

Howard  Phipps,  Plant  Physiologist, 

and  Jaroslav  Zavitkovski,  Principal  Production  Ecologist, 

Rhinelander,  Wisconsin 


Intensive  culture  of  trees  has  gained  much  inter- 
est the  last  decade  due  to  projected  fiber  shortages, 
competing  demands  for  forest  land,  and  most  re- 
cently the  use  of  wood  for  energy.  Intensive  culture 
has  varied  meaning  in  forestry.  Intensive  culture  as 
referred  to  in  this  report  includes  (a)  establishing 
plantations  using  thorough  site  preparation,  weed 
control  and  mechanical  planting,  (b)  short  rotation, 
(c)  close  spacing,  (d)  fast  growing  hybrids  or  genet- 
ically improved  trees  (Populus  in  our  case),  (e)  fer- 
tilization and  (f)  irrigation.  Of  these,  close  spacing 
is  not  necessarily  an  essential  requirement  of  inten- 
sive culture,  and  irrigation  is  not  expected  to  be  widely 
used  because  of  its  high  cost.  The  forest  management 
system  of  intensively  cultured  hybrid  poplar  (ICHP) 
plantations  is  the  application  of  agronomic  princi- 
ples and  practices  to  attain  forestry  objectives  (fig. 
1 ).  The  system  is  similar  to  mechanized  farming  and 


Figure  1. — Four-year-old  intensively  cultured  hybrid 
poplar  plantations  of  clone  NE-299  (NC-5331)  at 
6  x  6  ft  spacing. 


is  characterized  by  high  energy  inputs,  high  biomass 
yields,  and  complete  mechanization.  It  is  designed 
for  application  on  marginal  or  unused  agricultural 
land. 

Knowledge  on  establishing  ICHP  plantations  is 
in  its  infancy.  Only  in  the  last  few  years  has  knowl- 
edge progressed  to  the  point  where  commercial  sized 
plantations  can  be  successfully  established.  But  even 
now  the  success  of  establishing  large  plantations  is 
not  assured  for  a  variety  of  sites. 

Research  at  Rhinelander,  Wisconsin,  on  ICHP 
plantations  began  in  1970.  Research  on  plantation 
establishment  accelerated  greatly  in  1977  with  ini- 
tiation of  5  years  of  funding  support  from  the  De- 
partment of  Energy  (at  that  time  the  Energy  Re- 
search and  Development  Administration).  This  paper 
describes  a  step-by-step  procedure  for  establishing 
commercial  size  ICHP  plantations  and  summarizes 
the  state-of-knowledge  as  developed  at  Rhinelander. 
Our  intent  is  to  provide  useful  guidelines  for  prac- 
titioners of  intensive  culture.  As  such  it  updates  our 
previous  recommendations  (Hansen  etal.  1979).  For 
purpose  of  this  report  we  refer  to  the  "plantations 
establishment  period"  as  that  period  of  time  from 
initial  site  preparation  up  through  the  second  year 
of  tree  growth  at  which  time  the  tree  canopy  closes 
in  close-spaced  plantations. 

These  guidelines  are  based  on  the  current  best 
practices  (although  in  some  instances  several  similar 
practices  are  possible  with  little  difference  in  effec- 
tiveness from  one  another).  Alternatives  to  the  rec- 
ommended practices,  supporting  data,  and  discus- 
sion are  presented  in  subsequent  sections.  It  is  to  be 
expected  that  the  following  guidelines  will  be  mod- 
ified in  the  future  as  more  information  is  acquired. 


This  plantation  establishment  system  was  devel- 
oped and  therefore  is  adapted  to  the  soil  and  climatic 
conditions  at  the  Harshaw  Forestry  Research  Farm 
near  Rhinelander,  Wisconsin.  The  prescribed  treat- 
ments may  have  to  be  adjusted  for  other  sites  based 
on  judgement  as  to  how  much  the  site  differs  from 
that  at  Rhinelander.  Therefore,  we  will  briefly  de- 
scribe the  Rhinelander  site  to  serve  as  a  base  or 
starting  point. 

Soils:  The  land  was  farmed  for  about  50  years  and 
potatoes  were  the  major  crop.  It  is  level  to  gently 
rolling  with  some  potholes  that  contain  water  for  a 
few  days  to  weeks  in  early  spring  or  after  extraor- 
dinary summer  rains.  Soils  are  Padus  and  Stam- 
baugh  series  grading  from  a  silt  loam  to  a  sandy 
loam.  A  plow  layer  at  10  inches  separates  the  topsoil 
from  a  sand  to  gravelly  sand  subsoil  that  extends 
down  more  than  10  feet.  Almost  all  the  Populus  roots 
are  above  the  plow  layer  even  though  deeper  rooting 
does  not  appear  to  be  restricted.  A  few  roots  of  3- 
and  4-year-old  trees  do  reach  depths  of  3  feet  and 
they  may  be  important  in  extracting  the  available 
soil  moisture  during  late  summer.  Soil  moisture  is 
almost  always  fully  recharged  in  early  spring.  The 
soil  in  the  plow  layer  is  high  in  potassium  and  phos- 
porus  (500  pounds  per  acre  P  and  275  pounds  per 
acre  K);  has  a  pH  range  from  5.4  to  6.3;  and  averages 
3.3  percent  in  organic  matter. 

Climate:  The  ground  is  free  of  snow  for  any  sig- 
nificant duration  from  April  to  mid-November.  The 
growing  season  for  Populus  is  May  through  Septem- 
ber, although  there  is  a  40  percent  probability  that 
below  freezing  temperatures  will  occur  after  May  22 
and  before  September  20  (Wisconsin  Department  of 
Agriculture  1961).  Light  frosts  frequently  occur  as 
late  as  mid-June  and  as  early  as  mid-August.  Mean 
monthly  temperatures  during  June,  July,  and  Au- 
gust range  from  64  to  68°F;  the  mean  monthly  Jan- 
uary temperature  (the  coldest  month)  is  13°F  Rain- 
fall averages  31  inches  per  year  and  monthly  averages 
range  from  3.75  to  4.70  inches  during  the  major 
growing  period  of  June,  July,  and  August. 

Vegetation:  Both  bigtooth  aspen,  P.  grandiden- 
tata,  and  quaking  aspen,  P.  tremuloides,  are  native 
to  the  area;  cottonwood,  P.  deltoides,  is  not — the 
northernmost  limit  of  its  range  in  Wisconsin  ends 
about  50  miles  south  of  Rhinelander.  The  major  weed 
competitor  on  "old  field"  sites  is  quack  grass  Agro- 
pyron  repens.  Other  important  weeds  are  yellow  rocket 
Brassica  spp.  (winter  annual),  pigweed  Amaranthus 
spp.,  lambsquarters  Chenopodium  album,  white  coc- 
kle Lychnus  alba,  and  marestail  Conyza  canadensis 


(perennials).  These  weeds  are  different  from  the  con 
petitors  normally  found  in  forest  plantations. 

PLANTATION 

ESTABLISHMENT 

PRESCRIPTION 

Populus  species  used  in  ICHP  culture  are  fro 
the  Aigeiros  or  Tacamahaca  sections,  which  are  ea 
ily  propagated  by  stem  cuttings.  Species  from  tl 
Leuce  section  (aspens)  are  not  used  because  of  tl 
difficulty  of  rooting  stem  cuttings. 

Hybrid  poplars  are  propagated  by  means  of  ve 
etative  cuttings.  The  plants  thus  produced  are  g 
netically  identical  to  the  parent  and  are  collective 
called  the  "clone".  The  proper  clones  to  plant  on 
particular  field  depend  on  the  soil  and  climate  ai 
are  best  determined  by  clonal  comparison  trials  doi 
under  similar  field  conditions. 

Site  Preparation — Weed 
Control 

Initial  site  preparation  including  control  of  cor 
peting  weeds  is  essential  for  successful  establish 
ment  of  ICHP  plantations.  Begin  site  preparation  : 
the  fall  prior  to  spring  planting.  Add  lime  as  ne 
essary  to  raise  soil  pH  above  5.5.  Mow  grasses  ar 
weeds  in  August  or  early  September  to  reduce  hea\ 
vegetation  and  allow  grasses  time  to  regrow.  App 
a  postemergent  herbicide  such  as  glyphosate  ( Roun 
up)  at  1.5  pounds  active  ingredients  (ai)  per  acre  i 
late  September  or  early  October  to  kill  weeds  ar 
grasses — especially  quack  grass.  One  week  later  di 
the  sod  and  then  moldboard  plow  to  the  10  inch  depl 
(fig.  2).  In  the  spring,  disc  the  site  and  just  befo; 
planting  apply  a  preemergent  herbicide  such  as  li 
uron  or  diuron  at  1.5  pounds  ai  per  acre  to  contr 
germinating  annual  weed  and  grass  seed  (fig.  rc 
These  herbicides  control  weeds  for  the  first  4  to 
weeks  after  planting  and  allow  time  for  the  pla 
tation  to  become  established. 

With  initial  good  weed  control  using  these  pra 
tices,  we  have  found  no  advantage  to  tree  grow 
from  further  weed  control  during  the  first  grown 
season  in  fertilized  and  irrigated  plantations, 
spacings  such  as  3.3  x  3.3  feet  or  narrower,  weei 
are  shaded  out  by  the  middle  to  end  of  the  secoi 
year  under  conditions  of  good  growth,  and  weed  cc 
trol  is  no  longer  needed.  At  wider  spacings,  part 
ularly  in  unirrigated  and  unfertilized  plantatioi 
further  weed  control  will  be  beneficial. 


Figure  2. — Site  preparation  includes  plowing  and 
discing  to  control  early  weed  competition  and  to 
permit  mechanized  planting. 

Clonal  Selection 

The  results  of  5  years  of  clonal  tests  at  Rhinelan- 
ier  can  be  used  as  a  guideline  for  clonal  selection 
table  1).  In  getieral  northeast  (NE)  clones  grow  bet- 
ter in  northern  Wisconsin  than  do  Euramericana 
DN)  clones.  However,  information  is  not  adequate 
it  this  time  to  recommend  particular  clones  for  spe- 
cific sites  with  guaranteed  success.  It  is  advisable  to 
riake  local  trials  to  select  fast  growing  clones  that 
*oot  easily,  are  resistant  to  insects  and  disease,  and 
ire  adapted  to  the  local  climate  and  soils.  A  group 
|}f  clones,  as  compared  to  a  single  clone,  will  reduce 
he  risk  of  large  scale  plantation  losses. 

Clonal  trials  can  consist  of  a  few  trees  per  clone 
10  is  sufficient)  with  just  one  clone  per  row  to  avoid 
mixing  clones.  It  is  nol  necessary  to  replicate  plant- 
ings for  clonal  selection.  It  is  far  more  beneficial  to 
test  additional  clones  or  to  test  them  over  the  range 
bf  planting  sites  than  to  improve  selection  by  more 
precise  between-clone  comparisons.  Clonal  selection 
trials  should  be  maintained  for  as  long  as  a  planting 
program  exists,  because  these  trees  are  oldest  and 
may  show  impending  problems  before  they  develop 
n  the  plantations. 

Cutting  Production 

Planting  material  most  frequently  used  is  dor- 
mant unrooted  hardwood  cuttings  obtained  from  1- 
year-old  stump  sprouts.  The  production,  collection, 
and  handling  of  cuttings  in  covered  next. 


Figure  3. — Spraying  linuron  just  before  planting 
prevents  weed  growth  for  4  to  6  weeks. 


CUTTING  ORCHARD  MANAGEMENT 

Cuttings  to  establish  ICHP  plantations  are  pro- 
duced in  cutting  orchards  or  stool  beds.  A  3.3  x  3.3 
foot  spacing  seems  to  be  satisfactory  from  the  stand- 
point of  high  cutting  production  and  good  natural 
weed  control  from  shading.  A  cutting  orchard  with 
3.3  x  3.3  foot  spacing  producing  an  average  of  30 
cuttings  per  stump  would  provide  sufficient  cuttings 
to  plant  an  area  120  times  larger  using  a  planting 
spacing  of  6.6  x  6.6  feet.  An  important  factor  in  the 
establishment  of  ICHP  plantations  is  to  use  vigor- 
ous, disease-  and  insect-free,  planting  stock.  Ideally, 
cutting  orchards  should  not  be  established  directly 
adjacent  to  natural  or  planted  stands  of  poplars  where 
pests  may  build  up  and  eventually  invade  the  cutting 
orchard.  Cultural  measures  for  cutting  orchards  such 
as  site  preparation,  weed  control,  fertilization,  and 
irrigation  are  the  same  as  for  production  plantations 
and  are  discussed  in  the  sections  that  deal  with  those 
topics. 


HARVESTING 

Trees  in  the  cutting  orchard  should  be  allowed  to 
grow  for  2  years  to  develop  a  strong  root  system  and 
then  harvest  the  stump  sprouts  or  whips  annually. 
Cut  1-year-old  whips  4  to  6  inches  above  the  ground 
between  December  and  March.  We  have  cut  these 
whips  successfully  using  hand  pruning  shears,  a  gas- 
oline powered  brush-clearing  saw,  and  a  tractor 
mounted  sickle  bar,  but  they  can  be  cut  by  any  method 
(fig.  4). 


Table  1. — Clonal  ranking  based  on  index  of  volume  D2H  (where  D  is  the  breast  height  diameter  and  H  is  tre 
height)  of unirrigated  and  unfertilized  5-year-old  trees  at  Harshaw  Forestry  Research  Farm  near  Rhinelandei 
Wisconsin.  Any  two  D2H  not  next  to  a  common  line  are  significantly  different.  Ranking  for  some  of  the  sam 
clones  based  on  irrigated  and  fertilized  4-year-old  height  from  plots  on  a  sandy  nursery  site  at  Rhinelande 
are  also  shown. 


Clone 


Original 
number 


North  Central 
number 


Parentage2 


Nursery 
Height     DH     Survival    ranking 


NE-386 
NE-387 
NE-252 
NE-372 
NE-298 
NE-375 
NE-1 

DN-28 

DN-34 
DN-30 


I-476 

NE-299 
NE-388 
P1 343437 
1-214 


NE-374 

NE-366 

NE-216 

NE-19 

FNS-4452 

D-37 

D-45 

JAC-6 

DN-31 

I-78-B 

DN-26 

1-45/51 

NE-348 

NE-310 
NEA-238 


5263  P.  'Candicans'  x  (P.  x  berolinensis) 
5262  P.  'Candicans'  x  (P.  x  berolinensis) 

5334  P.  deltoides  var.  angulatax  P.  trichocarpa 

5266  P.  deltoides  var.  angularax  P.  trichocarpa 
5332  P.  nigravar.  betulifoliax  P.  trichocarpa 

5264  P.  deltoides  var.  angulatax  P.  nigravar.  plantierensis 

5272  (P.  nigra x  P.  laurifolia)  'Strathglass' 
5339  (P.  albax  P.  grandidenta)  'Crandon' 

5325  P.  x  euramericana  'Ostia' 

5377  P.  x  euramericana  'Wisconsin  #5' 

5326  P  x  euramericana  Eugenei' 

5323  P.  x  euramericana  'Canada  Blanc' 
5351  Pop/v/usspp. 

5260  ( P.  tristis  x  P.  balsamifera)  'Tristis  #  1 ' 
5258  Populus  srjp. 

9922  Populus  spp. 

4879  P.  x  euramericana 

9921  Populus  spp. 

5331  P.  nigravar.  betulifoliax  P.  trichocarpa 

1 1 505  P.  maximowicziix  P.  trichocarpa 

4877  P.  alba 

4878  P.  x  euramericana 

5261  (P.  deltoides  var.  occidentalisx  P.  balsamifera) 

'Northwest' 

5365  P.  deltoides var.  angulatax  P.  trichocarpa 

5267  P.  deltoides x  P.  nigravar.  caudina 

5268  P.  deltoides  x  P.  trichocarpa 

5271  P.  nigravar.  charkowiensisx  P.  nigravar.  caudina 

5273  P.  deltoides  'Walker' 

5318  P.  deltoides 'D-37' 

5319  P.  deltoides 

5320  P.  deltoides  x  P.  balsamifera 

5321  P  x  euramericana  'Negrito  de  Granada' 

5322  P.  x  euramericana  'Jacometti' 

5324  P.  x  euramericana  'B-56' 
5328  P  x  euramericana  '1-45/51 ' 

5335  P.  deltoides  x  P.  trichocarpa 
7168  P.  balsamifera 

9927  P.  nigravar.  charkowiensisx  P.  nigravar.  caudina 

9980  P.  deltoides x  P.  nigra  'Volga' 


Fee/ 

Percent 

23.7 

46.1         81 

2 

23.5 

34.1         88 

3 

22.6 

34.1         75 

22.2 

28.7         62 

8 

21.0 

27.1         91 

4 

21.0 

24.2         78 

21.9 

23.4         94 

18.9 

18.7         66 

18.1 

16.1         25 

20.2 

15.2       100 

6 

18.4 

1 

1.1         66 

5 

17.4 

i 

3.9         94 

15.9 

1 

3.7         94 

15.3 

1 

3.2         88 

1 

16.3 

1 

3.8         97 

3) 
V 

3\ 
3\ 
3\ 

4) 

i 

4) 
4) 

4) 

4) 
4) 

4) 

4\ 
4\ 
4\ 

4) 
4) 

7 

'Data  from  Meldahl ,  1 979  tables  1 2-20. 

2Names  according  to  Dr.  Dickman,  Department  of  Forestry,  Michigan  State  University,  East  Lansing,  Ml  48824. 

3Clones  not  ranked  because  they  were  not  included  in  the  comparative  tests.  Based  on  growth  in  large  plantations  and  other ! 
year-old  clonal  trials,  clone  9922  would  probably  rank  at  or  near  the  top  clones,  I-476,  9921 ,  and  NE-299  would  rank  in  the  tc 
seven,  and  NE-388  would  not  be  suitable  due  to  recurrent  severe  frost  damage. 

'Unsuitable  clones  due  to  frost  damage  and/or  disease. 
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Figure  4. — Cutting  whips  with  a  tractor  mounted 
sickle  bar. 

Remove  and  discard  all  branches  and  the  lower  2 
inches  of  the  whips.  Use  a  table  saw,  band  saw,  or 
radial-arm  saw  to  cut  the  whip  into  8-inch  long  cut- 
tings up  to  a  minimum  diameter  of  about  0.2  inch. 
Discard  the  remaining  tip. 

GRADING 

For  best  early  survival  and  growth  select  only  those 
cuttings  that  meet  the  following  minimum  stan- 
dards: 

A  cutting  diameter  greater  than  3/8  inch.  Gen- 
erally, the  larger  the  diameter,  the  better  the  field 
performance. 

2.  No  evidence  of  mechanical  damage  such  as  stripped 
bark,  split  or  crushed  ends,  or  broken  or  missing 
buds  near  the  top  of  the  cutting. 
No  signs  of  insect  or  disease  infestation  such  as 
galls,  lesions,  eggs,  borers,  or  fruiting  bodies. 
Green  inner  bark  and  no  desiccated  or  shrivelled 
outer  bark. 


4. 


PACKAGING  AND  STORAGE 

Because  large-scale  harvesting  and  processing  of 
dormant  hardwood  cuttings  is  best  done  in  the  win- 
ter, the  cuttings  must  be  stored  for  several  months 
before  they  can  be  planted. 

Packaging 

Store  cuttings  in  polyethylene  bags.  To  facilitate 
inventory,  place  approximately  the  same  number  of 
cuttings  in  each  bag — taking  care  to  have  buds 
pointing  in  the  same  direction — and  tie  the  bag  with 
a  wired  label  tag  for  clonal  identification.  Then  place 
several  of  these  bags  in  a  larger  polyethylene  bag 
and  seal  as  before.  Double  wrapping  the  cuttings  is 
important  to  prevent  desiccation. 


Temperature 

Store  cuttings  at  25°  to  30°F  to  prevent  premature 
sprouting  and  rooting.  However,  for  periods  up  to  a 
maximum  of  about  3  months,  newly  harvested  cut- 
tings can  be  stored  at  temperatures  as  warm  as  37°F 

PREPLANT  TREATMENT 

Treating  cuttings  before  field  planting  as  de- 
scribed below  improves  survival  and  early  growth, 
especially  if  hot,  dry  weather  conditions  are  expected 
during  the  first  few  weeks  after  planting.  These 
treatments  prepare  the  cutting  so  that  it  is  ready  to 
begin  root  and  shoot  growth  soon  after  planting. 
However,  these  treatments  must  be  done  carefully, 
because  if  carried  too  far  they  may  result  in  reduced 
vigor  or  survival. 

Raising  Storage  Temperature 

Cuttings  that  have  been  stored  at  below  freezing 
temperatures  should  be  allowed  to  "warm"  slightly 
at  temperatures  of  about  37°F  for  1  to  2  weeks  before 
soaking. 

Soaking 

Soak  dormant  hardwood  cuttings  in  tap  water  as 
follows: 

1.  Place  the  bundles,  with  buds  pointing  up,  in  con- 
tainers of  water  maintained  at  about  60°F.  The 
temperature  may  be  as  low  as  40°F  but  this  will 
prolong  the  soaking  period.  Do  not  remove  the 
cuttings  from  the  plastic  bags,  just  puncture  the 
bottom  and  top  of  the  bag  to  admit  water. 

2.  Immerse  the  cuttings  to  the  same  depth  as  they 
will  be  planted,  i.e.,  about  3/4  of  their  length. 

3.  Do  not  expose  the  cuttings  to  light  for  extended 
periods  of  time  to  avoid  premature  bud  break. 

4.  Soak  cuttings  for  7  to  10  days  until  small  swell- 
ings or  bumps  appear  on  the  bark  surface  (fig.  5). 
These  are  the  developing  roots.  Leaf  buds  should 
be  dormant  or  only  slightly  developed  as  indi- 
cated by  a  slight  greening.  This  is  an  ideal  stage 
for  planting.  Cuttings  should  not  be  allowed  to 
develop  roots  and  expand  leaves. 

5.  If  cuttings  cannot  be  planted  within  a  day  or  two 
after  the  above  stage  is  reached,  return  them  to 
cold  storage  (32°F)  and  pack  the  cutting  bundles 
in  crushed  ice  to  prevent  further  root  and  shoot 
development.  This  method  will  maintain  the  cut- 
tings in  good  condition  for  at  least  2  weeks. 

TRANSPORTING 

As  with  any  planting  material  it  is  important  to 
avoid  damaging  the  cuttings  from  exposure  to  ex- 


Figure  5. — Cuttings  soaked  to  (left)  proper  stage,  (right)  excessive  root  development. 


cessive  heat  or  drying.  Although  soaked  cuttings  can 
withstand  several  hours  of  drying,  it  is  best  to  keep 
them  moist,  shaded  and  as  cool  as  possible.  Transport 
the  cuttings  to  the  field  in  the  soaking  containers, 
leaving  the  cuttings  in*  the  plastic  bag  immersed  in 
water.  If  the  cuttings  must  be  in  transport  overnight 
or  if  outside  temperatures  are  high,  pack  the  bundles 
in  crushed  ice  or  in  styrofoam  coolers. 


Planting 


At  the  planting  site,  exercise  the  same  care  in 
keeping  cuttings  moist,  shaded,  and  cool. 

1.  If  planting  by  machine,  load  the  cuttings  into  a 
box  and  then  place  it  on  the  planting  tray  of  the 
machine.  A  semimechanical  transplanter  model 
CT-5  is  satisfactory  for  planting  on  well-tilled  sites. 
The  planting  units  can  be  "ganged"  on  a  tool  bar 
so  that  several  rows  are  planted  at  one  time  (fig. 
6).  Each  unit  can  plant  about  1,200  cuttings  per 
hour  with  an  experienced  operator. 

2.  Make  certain  that  the  cuttings  are  planted  with 
the  buds  pointing  up.  Otherwise,  survival  and 
growth  will  be  poor. 


4. 


Plant  cuttings  vertically  to  a  depth  that  will  lea\ 
one  to  two  buds  aboveground  (fig.  7).  For  8-inc 
cuttings  this  will  require  a  hole  or  slit  about 
inches  deep. 

When  planting  by  hand,  carry  the  cuttings  in  pai 
with  a  small  amount  of  water.  An  efficient  to< 
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Figure  6. — A  four-row  mechanical  transplanter  cc 
plant  unrooted  hardwood  cuttings  at  a  rate  of  5,00 
hour  at  a  3.3  x  3.3  ft  spacing. 


Figure  7. — One  or  two  buds  on  the  planted  cuttings 
should  be  above  ground.  This  shoot  is  4  weeks  old. 

for  hand  planting  cuttings  is  a  dibble  made  from 
an  iron  bar  approximately  3/4  inch  in  diameter 
with  a  horizontal  projection  welded  to  the  bar  at 
a  point  that  will  make  a  hole  of  the  desired  depth 
when  the  bar  is  pressed  into  the  ground.  Press 
cuttings  into  the  hole  so  that  firm  contact  is  made 
between  the  base  of  the  cutting  and  soil  at  the 
bottom  of  the  hole.  Then  firm  soil  around  cutting 
to  eliminate  air  pockets. 

5.  If  the  planting  operation  must  be  delayed  for  more 
than  a  day,  keep  the  cuttings  cool  and  moist.  Pack 
the  cuttings  in  crushed  ice  to  maintain  them  in 
a  viable  condition  and  prevent  deterioration. 

6.  Plant  unrooted  hardwood  cuttings  anytime  from 
after  soil  frost  has  left  in  early  April  until  mid- 
June.  Cuttings  planted  in  the  middle  of  this  pe- 
riod (mid-May)  have  slightly  better  survival  and 
height  growth  than  those  planted  either  earlier 
or  later. 

Fertilization 

Fertilize  annually  with  100  pounds  N  per  acre  per 
year.  This  is  equivalent  to  300  pounds  per  acre  per 
year  ammonium  nitrate.  Fertilize  annually  about  July 
1  if  the  nitrogen  will  be  applied  all  at  once.  Fertilize 
in  small  increments  from  mid-June  to  early  August 
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Figure  8. — Ideally,  soil  moisture  tension  should  be 
maintained  at  less  than  -0.5  bar  by  irrigation. 
Shown  here  is  a  self  propelled  water  gun  that  de- 
livers 500  galslmin  and  irrigates  a  strip  300  feet 
wide  by  114 -mile  long. 

if  the  fertilizer  can  be  applied  in  several  applications. 
If  weed  control  is  excellent  and  the  soils  have  high 
organic  matter  content,  it  may  not  be  necessary  to 
fertilize  the  first  year  or  two.  If  weed  competition  is 
severe  or  soils  are  coarse  textured,  it  is  essential  to 
fertilize  with  nitrogen  for  at  least  several  years. 
Phosphorus  and  potassium  fertilization  were  not  re- 
quired during  the  first  several  years  at  Harshaw 
Farm  because  of  the  high  levels  of  P  and  K  in  the 
soil.  However,  they  may  be  necessary  on  other  soils. 


Irrigation 


Maintain  soil  moisture  as  close  to  field  capacity 
as  possible  (-0.05  to  -0.2  bar)  at  the  time  of  planting. 
Thereafter  maintain  soil  moisture  tension  at  a  higher 
level  (less  than  0.5  bar  as  measured  at  the  6  to  12 
inch  depth  with  tensiometers)  (fig.  8).  If  irrigation 
is  not  feasible,  soil  moisture  stress  can  be  reduced 
during  the  plantation  establishment  period  (until 
the  tree  canopies  close  and  completely  occupy  the 
site)  by  providing  thorough  weed  control.  Without 
irrigation,  either  heavy  weed  cover  or  complete  can- 
opy closure  will  usually  produce  severe  soil  moisture 
deficits  during  the  summer. 

Spacing-Rotation 

The  ideal  spacing  depends  upon  management  ob- 
jectives such  as  tree  size  and  fiber  markets  but  is 
probably  somewhere  between  3.3  x  3.3  feet  and  10 
x  10  feet  for  rotations  of  8  to  15  years,  respectively. 
Spacing  affects  both  cost  of  plantation  establishment 
and  the  required  duration  of  weed  control.  Cost  of 
planting  material  is  exponentially  related  to  tree 


spacing,  e.g.,  plant  material  costs  of  a  3.3  x  3.3  foot 
spacing  would  be  9  times  that  of  a  10  x  10  foot  spac- 
ing. Weed  control  will  be  necessary  for  only  the  first 
year  in  dense  plantations  but  may  be  required  for 
several  years  in  widely  spaced  plantations. 

Stand  density  can  influence  prevalence  and  se- 
verity of  diseases  within  a  plantation  (Schipper  1976). 
Reduced  air  movement  through  dense  stands  in- 
creases duration  of  leaf  wetness  resulting  from  dew, 
rain,  or  irrigation;  making  a  more  favorable  envi- 
ronment for  disease  development  and  pathogen  spread 
(McNabb  et  al.  1980). 

Selection  of  spacing  commits  the  manager  to  a  set 
of  practices,  many  of  which  cannot  be  changed  in 
midrotation  without  adversely  affecting  the  overall 
economic  outcome.  Specifically,  spacing  will  affect 
rotation  length,  final  size  of  the  crop  trees,  biomass 
distribution  among  tree  components,  nutrient  re- 
moval, type  of  harvesting  machinery,  harvesting  costs, 
and  wood  recovery  from  the  biomass.  Although  these 
are  not  part  of  plantation  establishment  per  se,  they 
need  to  be  considered  and  are  therefore  discussed  in 
the  next  section. 

A  PERSPECTIVE 

It  is  apparent  from  the  foregoing  that  many  var- 
iables interact  in  a  complex  manner  to  affect  the 
outcome  of  plantation  establishment.  Some  factors 
such  as  proper  site  preparation  and  weed  control  are 
essential  to  successful  plantation  establishment. 
Others,  such  as  selecting  good  quality  planting  ma- 
terial, clonal  resistance  to  insects  and  diseases,  grad- 
ing cuttings  for  size,  proper  storage,  pretreatment 
preparation  of  cuttings,  planting  at  the  best  time, 
fertilization,  etc.  by  themselves  may  not  be  critical 
determinants  of  plantation  establishment.  But  it  is 
important  to  note  that  the  effects  of  these  and  other 
variables  are  cumulative.  Plantations  may  be  estab- 
lished successfully  without  having  all  variables  at 
optimum  levels.  If  too  many  variables  are  neglected, 
at  best  a  mediocre  plantation  will  result  and  at  worst 
the  plantation  will  fail.  To  attain  the  present-day 
maximum  growth  potential  in  ICHP  plantations,  all 
variables  must  be  incorporated. 

It  is  the  managers  task  to  determine  the  degree 
to  which  he  should  (or  can  afford  to)  apply  these 
various  practices.  In  the  next  section  we  present  some 
relations  and  management  alternatives  and  discuss 
their  implications  as  a  possible  aid  to  the  many  de- 
cisions that  have  to  be  made. 


ALTERNATIVE  PRACTICES 
AND  DISCUSSION 

Clonal  Selection 

Studies  have  shown  significant  clone  x  site  inter 
actions  (Randall  and  Mohn  1969,  Demeritt  1979)  in 
dicating  that  clonal  trials  may  need  to  be  done  or 
different  sites.  We  have  found  a  few  important  dif 
ferences  in  ranking  of  eight  clones  grown  on  twc 
different  sites.  Clone  NC-5260  ranked  much  lowei 
and  clone  NE-372  (NC-5266)  much  higher  on  ar 
unirrigated-unfertilized  site  with  silt  loam  soil  as 
compared  to  an  irrigated-fertilized  nursery  site  wit! 
sand  soil  (table  1).  The  low  ranking  of  NE-372  in  th« 
nursery  may  have  resulted  from  declining  vigor  be 
cause  the  entire  clone  died  the  following  year.  How 
ever,  we  attribute  the  difference  in  ranking  of  NC 
5260  to  clone  x  site  interaction.  Site  and  environ 
mental  factors  can  influence  host  resistance  to  manj 
diseases  and  insect  pests.  Tables  2  and  3  list  th< 
clones  tested  and  their  relative  susceptibility  to  th< 
most  serious  diseases  and  to  the  cottonwood  leaf  bee 
tie,  Chrysomela  scripta,  in  the  north  central  regior 
and  can  be  used  as  a  guide  in  selecting  clones  foi 
use. 

In  our  clonal  trials  we  have  found  little  infor 
mation  gain  from  replication.  Clonal  ranking  base< 
on  only  one  replicate  is  nearly  the  same  as  that  fron 
two  replicates.  Therefore,  for  forest  managers  whosi 
objective  is  to  select  a  group  of  fast-growing  clones 
information  could  be  increased  from  the  same  amoun 
of  land  and  labor  by  testing  additional  clones  or  test 
ing  clones  on  different  sites  rather  than  by  replicat 
ing. 

Clonal  trials  should  last  many  years  because  thr 
clonal  ranking  changes  as  disease  or  unusual  frost 
slow  the  growth  of  some  previously  fast  growing  clone 
(Schreiner  1972,  Hansen,  unpublished  data).  Wilk 
inson  (1974)  concluded  that  evaluations  made  close 
to  the  anticipated  rotation  provided  a  better  basi 
for  clonal  selection.  We  conclude  the  same  from  ou 
screening  trials.  Clonal  ranking  changes  from  yea 
to  year  because  some  previously  high  ranked  clone 
succumb  to  disease  with  consequent  loss  in  growtl 
and  a  decrease  in  ranking  position. 

Trees  are  susceptible  to  diseases  and  insect 
throughout  their  life,  however,  the  importance  o 
various  pests  changes  with  tree  age.  Generally,  fo 
liage  diseases  of  poplars  are  more  important  in  youni 
plantations  where  entire  crowns  of  trees  may  be  al 
fected  as  compared  to  older  trees  that  have  only  thei 


Table  2. — Severity  of  Septoria  and  Marssonina  by  clone  and  location  1976-1981  (compare  with  table  1  for 
clonal  rankings  at  Rhinelander) 


Location/Disease  Severity1 

Clone 

Rosemount, 

MN 

Rhinelander,  Wl 

Ames,  IA 

SLS 

MLS 

SC2 

SLS 

MLS 

SC 

SLS 

MLS         SC 

NE-3865 

H 

A 

H 

L 

L 

A 

H 

A           L 

NE-3875 

H 

A 

M 

A 

L 

A 

H 

L           M 

NE-252 

H 

A 

H 

L 

A 

L 

H 

A           M 

NE-372 

H 

L 

H 

A 

M 

A 

H 

L           M 

NE-298 

H 

H 

M 

A 

M 

A 

L 

H           A 

NE-375 

H 

L 

H 

A 

L 

A 

H 

L           M 

NE-15 

H 

L 

H 

L 

L 

A 

H 

A           H 

NC-5339 

A 

L 

A3 

L 

L 

A3 

L 

A           A 

DN-28 

L 

M 

L 

A 

H 

A 

L 

L            L 

NC-5377 

L 

M 

A 

A 

H 

A 

L 

M           A 

DN-34 

L 

M 

A 

L 

M 

A 

L 

M           A 

DN-30 

L 

M 

A 

A 

H 

A 

L 

M           A 

NC-5351 

H 

H 

M 

A 

H 

A 

Not  planted 

NC-5260 

L 

A 

L 

L 

L 

A 

A 

H          A 

NC-5258 

L 

L 

A 

A 

M 

A 

A 

H           A 

I-476 

A 

M 

A 

A 

M 

A 

NE-2995 

H 

A 

H 

A 

M 

A 

L 

M           A 

P1 343437 

A 

L 

A 

f 

Wanting  failu 

e 

Planting  failure 

1-214 

L 

L 

L 

A 

L 

A 

L 

L           A 

NC-5261 

M 

L 

L4 

A 

L 

A4 

L 

L           A4 

NE-3745 

H 

A 

H 

f 

Wanting  failu 

•e 

Not  planted 

NE-366 

L 

L 

L 

L 

L 

A 

M 

L           L 

NE-216 

H 

A 

H 

I 

Wanting  failu 

'e 

Not  planted 

NE-19 

L 

A 

A 

A 

L 

A 

L 

L           A 

44-52 

H 

L 

A 

A 

H 

A 

M 

H           A 

D-37 

L 

A 

A 

I 

Wanting  failure 

L 

L           A 

D-45 

M 

L 

A 

I 

Wanting  failure 

M 

A           A 

DN-31 

L 

M 

A 

A 

M 

A 

L 

M          A 

1-78-B 

L 

M 

A 

A 

M 

A 

L 

M           A 

DN-26 

L 

H 

A 

A 

H 

A 

Planting  failure 

1-45/51 

L 

M 

A 

A 

M 

A 

L 

H           A 

NE-349 

H 

M 

H 

L 

L 

A 

H 

L            L 

NC-7168 

L 

A 

A 

L 

A 

A 

Not  planted 

NE-205 

H 

M 

H 

A 

M 

A 

M 

M          H 

1H  =  Heavy  (premature  defoliation  throughout  crown,  many  stem  cankers) 
M  =  Medium  (premature  defoliation  in  lower  and  mid  crown,  few  stem  cankers,  many  branch  cankers) 
L  =  Light  (no  defoliation,  few  branch  cankers) 
A  =  Trace  or  absent. 
2SLS  =  Septoria  leaf  spot 
MLS  =  Marssonina  leaf  spot 
SC  =  Septoria  canker. 
3Susceptible  to  Cytospora canker. 
"Susceptible  to  Melampsora  leaf  rust. 
Susceptible  to  Septoria  canker  in  Michigan. 

lower  crowns  affected.  Canker  diseases  are  impor- 
tant throughout  the  rotation,  and  root  rot,  stem,  and 
decay  fungi  will  probably  be  of  increasing  impor- 
tance in  plantations  of  older  trees  and  especially  in 
coppiced  stands.  Defoliators  feed  on  all-size  trees,  but 
borers  prefer  stems  and  branches  of  particular  sizes. 
Disease  weakened  trees  are  most  susceptible  to  bor- 
ers. Sucking  insects  build  up  on  young  trees  and 


affect  growth  mostly  in  the  first  1-3  years  after  plant- 
ing. 

Site  Preparation 

Site  preparation  is  done  to  control  weeds  and  pre- 
pare the  soil  for  planting.  A  replicated  study  of  five 
site  preparation  methods  selected  to  cover  the  spec- 


Table  3. — Comparison  and  ranking  of  cottonwood 
leaf  beetle  injury  between  Iowa  and  Minnesota  Po- 
pulus  study  plots.  Iowa  data  from  Caldbeck, 
McNabb,  and  Hart  (1978).  Minnesota  data  from 
Wilson  (1979). 


Ames,  IA  clones' 

Rosemount,  MN  clones2 

Least 

4877-^ 

__ 5271 

Injured 

5339 -^T 
5271  ^^^ 

^^"Rbalsamifera  * 

5272\ 

-><><\_^5267 

5270O 

><  ^4877 

5328x  ><> 
5261V 

^5339 

/527a 

533  K  V- 

/5253* 

5267><\ 

\Z-5260 

5318x       A. 

\<-'    /^5272 

5322-X 

\\^-        \y      /5268 

5258x  ><- 

A\              7></5323 

526uXV 

//  /K5270 

4879— V-^- 

^V-  V  /     4879 

5321x       \ 

/5325 

COOO     \                   N 

.     \       A      /S<r      \</  R'X'Y* 

DJOc.       v 

\        \            \   //     ^^/^\     ■JOOC 

5266 — X__ 

V\   X    ^^05331 

5262 

^^V^OC          ^5322 

5326\   / 

/S?\\      ~~~5266 

5265  X 

Xxf\\  ^ — 5319 

5268^\VN 

r  /  \-V\\^5327 

5324^       .< 

\VC-5335 

5319-^^ 

\>C\       ><^\><y5264 

5325  Y 

x\V  Xx\5328 

5323x           , 

>^  \xX V5318 

4878\        L 

\>CX\  \5258 

5377^<7 

S\>      \>0  5321 

5327  '    /S 

?<C  /\      \v 5326 

5334^7^ 

S?^-\          ^05265 

5263 -^P^ 

p-^n^     V-^_  "-5324 

5335  7>< 

^=^-V^^5377 

Most 

52737/^ 

<\\   ^5334 

Injured 

5264  ' 

~^\        5351* 
\^5263 
V4878 
x5262 

'Data  recorded  as  mean  percent  ot  leaf  area  lost  trom  three  ran- 
domly chosen  shoots  of  three  trees  per  clone. 

2Data  recorded  as  percentage  of  two  major  upper  shoots  defoliated 
in  20%  categories  for  all  trees. 
"Clones  only  in  MN  test  planting. 


trum  of  possible  methods  showed  some  significant 
differences  between  the  methods  (Morris,  unpub- 
lished data).  A  herbicide  treatment  combined  with 
summer  fallowing  resulted  in  significantly  greater 
tree  height  growth  than  did  either  a  summer  fallow 
without  herbicide  or  a  no-till  (table  4).  Fall  plowing 
(both  normal  plowing  depth  and  extra  deep  plowing) 
were  intermediate  and  not  significantly  different  from 
the  other  three  treatments.  The  site  preparation  that 
we  are  using  and  have  recommended  in  this  report 
ranks  second  of  those  tested.  The  summer  fallow  with 
herbicides  would  probably  be  more  effective  in  most 
instances,  but  it  is  much  more  expensive  and  it  re- 
quires that  one  whole  growing  season  be  sacrificed 
to  site  preparation. 

We  have  found  thorough  tillage  to  be  an  important 
aspect  of  site  preparation.  No-till  has  consistently 
ranked  near  the  bottom  of  the  site  preparation  prac- 
tices tried  in  a  number  of  our  field  trials  as  it  has  in 
more  extensive  tests  by  Von  Althen  (1981).  Also, 
cutworms  can  be  serious  in  a  no-till  situation.  Never- 
theless no-till  is  being  used  successfully  and  is  ad- 
vantageous on  wet  sites  with  poor  trafficability  dur- 
ing spring  and  fall  (Mike  Morin,  personal 
communication).1 

Weed  Control 

Control  of  competing  weeds  and  grasses  is  essen- 
tial for  successful  establishment  of  ICHP  plantations 
and  can  be  done  chemically,  mechanically,  or  by  us- 
ing cover  crops.  Each  of  these  approaches  used  singly 
or  in  various  combinations  has  successfully  con- 
trolled weeds  (Project  staff,  unpublished  data).  How- 
ever, they  all  have  drawbacks  under  certain  condi- 
tions. 

Hybrid  poplars  are  extremely  sensitive  to  damage 
from  many  of  the  herbicides  commonly  used  in  for- 
estry and  agriculture.  Dry  weather  may  render  pre- 
emergent  herbicides  ineffective  for  weed  control;  ex- 


lConsultant,  RENRES,  Manistee,  MI  49660. 


Table  4. — Effect  of  five  site  preparation  treatments  on  first  year  height.  Any  two  heights  not  next  to  a  common 
line  are  not  significantly  different  (p=  .05). 


Site  preparation 


Tree 
height 


Date  treatment  applied' 


6/23 


7/13 


7/20        7/20-10/12 


10/6 


11/6 


4/15 


Feet 

Summer  fallow  w/herbicide 

4.1 

Fall  plow 

3.8 

Fall  deep-plow 

3.6 

Summer  fallow 

3.3 

No-till 

3.3 

D,P 


D.P 


D.P.D 
D,P 

D4 


D,H 
D,H 
LD3 
D,H 


'Treatments  were:  G-glyphosate  broadcast  spray  at  2.2  kg  ai/ac,  P  =  plow,  D  =  disc,  LD  =  light  disc,  and  H  =  harrow. 

2Disced  at  about  2-week  intervals. 

3Light  disc  to  smooth  soil  surface. 

'Disced  to  break  up  sod  to  permit  planting  with  the  mechanical  planter. 
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cessively  wet  weather  may  leach  the  herbicide  with 
consequent  damage  to  trees.  Many  herbicides  have 
been  screened  with  only  a  few  successful  in  control- 
ling weeds  without  damage  to  the  trees  (Netzer  and 
Noste  1978).  An  added  difficulty  is  that  Populus  is 
not  listed  on  many  of  the  herbicide  labels. 

Poplars  are  shallow  rooted.  Consequently  deep 
cultivation  can  depress  growth  or  distort  root  dis- 
tribution and  lead  to  future  windthrow  problems.  For 
the  first  6  weeks  of  tree  growth  we  have  had  good 
weed  control  from  shallow  (2  inch  deep)  cultivation 
with  a  rotary  hoe  (fig.  9),  and  for  the  first  growing 
season  we  have  had  good  weed  control  from  shallow 
cultivation  with  a  rolling  cultivator  (fig.  10).  Culti- 
vation is  required  about  every  10  days,  which  may 
make  it  more  expensive  than  chemical  weed  control, 
and  wet  weather  sometimes  makes  cultivation  im- 
possible. However,  it  is  usually  an  effective  option  if 
herbicides  are  not  practical. 

Cover  crops  such  as  clover  can  successfully  pre- 
vent weed  growth  and  in  addition  supply  some  ni- 
trogen. Clover  also  appears  to  limit  attack  of  the 
tarnished  plant  bug  Lygus  lineolaris  (Sapio  et  al. 
1982).  However,  cover  crops  (like  weeds)  compete  with 
the  trees  for  available  nutrients  and  moisture.  Fer- 
tilization with  nitrogen  is  equally  important  the  first 
year  whether  weeds  or  a  nitrogen  fixing  cover  crop 
is  present  (Hansen,  unpublished  data).  Cover  crops 
may  be  more  successful  in  irrigated  than  non-irri- 
gated plantations  because  they  will  compete  with 
trees  for  moisture  where  it  is  limiting. 

We  have  tested  many  weed  control  practices  and 
have  found  no  particular  advantages  between  her- 
bicides, cultivation,  or  cover  crops  as  measured  by 
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Figure  9. — A  rotary  hoe  controls  weeds  both  between 
and  within  rows  but  can  be  used  only  during  the 
first  6  weeks  when  the  trees  are  less  than  1  foot 
high. 


their  effect  on  first  year  tree  height  (table  5).  Al- 
though a  number  of  significant  differences  occurred 
between  treatments,  much  of  this  variation  was  due 
to  the  weather  and  the  sites.  Nevertheless,  the  fol- 
lowing results  have  been  consistent  over  the  years; 
treatments  containing  linuron  were  consistently  best; 
furrow-cultivation  was  consistently  poorest  (the 
shallow  planted  cuttings  desiccated  before  rooting 
during  the  dry  spring);  and  glyphosate  applied  after 
the  cuttings  were  planted  was  poor  (due  to  extreme 
sensitivity  of  Populus. 

Irrigated  and  fertilized  plantations  that  have  good 
weed  control  for  the  first  4  to  8  weeks  do  not  appear 
to  benefit  from  further  weed  control  during  the  re- 
mainder of  the  first  growing  season.  In  one  study 
with  a  3.3  x  3.3  foot  spacing,  the  weeds  between  rows 
(primarily  quack  grass,  lambsquarters,  and  mus- 
tard) were  shield-sprayed  with  glyphosate  in  alter- 
nate strips  on  July  29  during  the  first  growing  sea- 
son. The  sprayed  strips  did  not  show  any  superior 
tree  height  growth  as  compared  to  unsprayed  control 
strips  either  at  the  end  of  the  first  or  the  second 
season  (Netzer,  unpublished  data). 

In  another  study,  a  number  of  midsummer  weed 
control  treatments  were  tried  in  a  large  plantation 
with  a  spacing  of  3.3  x  3.3  feet  again  with  little  effect 
on  tree  height  growth  (Hansen,  unpublished  data). 
Weed  control  treatments  were:  1)  weekly  hand  hoeing 
from  July  6  to  August  10  and  again  on  August  26 
to  keep  the  plot  essentially  weed-free,  2)  a  single 
application  of  glyphosate  on  July  23  with  a  "rope- 
wick"  applicator,  3)  a  single  application  of  linuron 
on  August  6  by  overspraying  the  trees  and  weeds, 
and  4)  a  control  where  nothing  was  done  after  the 
initial  establishment  in  the  spring.  Based  on  four 


Figure  10. — A  rolling  cultivator  will  control  weeds 
during  the  first  growing  season  if  the  field  is  cul- 
tivated about  once  every  10  days. 
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Table  5. — Effect  of  eight  weed  control  treatments  on  first  year  tree  height.  Any  two  tree  heights  not  next  to  a 
common  line  are  significantly  different  (p  =  .05). 


Tree 

Date  treatment  applied 

Broadcast- 

Plant 

Shield-spray 

Seed 

Weed  control  treatment 

height           spray  linuron 

cuttings 

Cultivate 

glyphosate 

legume1 

Herbicide-legume 

Ft 

3.9 

5/6 

5/9 

8/28 

Herbicide-cultivation 

3.9 

5/6 

7/10-8/25(5x)2 

Herbicide 

3.4 

5/6 

7/22 

Cultivation 

3.3 

5/20-8/25(1 1x) 

Legume 

3.2 

5/6 

Herbicide 

2.7 

6/11,7/17 

Furrow  cultivation 

2.6 

6/3-8/25(1  Ox) 

Furrow  cultivation  legume 

2.4 

' 

6/3-8/25(1  Ox) 

8/28 

'The  legume  was  white  dutch  clover. 
2(5x)  signifies  5  cultivations. 


replications,  only  hoeing  was  slightly  (not  statisti- 
cally significant)  better  than  the  control.  Moreover, 
hoeing  is  not  a  feasible  option  for  large  plantations 
anyway.  Both  herbicide  treatments  were  poorer  than 
the  control  (again  not  significantly  so). 

Weed  control  after  the  first  year  may  also  be  un- 
necessary at  close  spacings  but  may  be  beneficial  to 
wider  spaced  plantations.  This  was  suggested  by  our 
tests  in  2-year-old  plantations  of  several  clones  es- 
tablished at  spacings  from  2  x  2  to  7  x  7  feet.  At  age 
2,  the  dense  undergrowth  consisted  mostly  of  quack- 
grass  and  its  summer  biomass  reached  about  3,700 
pounds  per  acre  in  the  7x7  foot  plantings  and  about 
one-half  of  that  in  the  densest  2x2  foot  planting. 
Fall  and  spring  spraying  of  parts  of  each  plantation 
with  glyphosate  at  2  pounds  ai  per  acre  effectively 


controlled  quackgrass.  However,  a  dense  cover  of 
mostly  dicotyledonous  weeds  developed  in  sprayed 
areas  of  the  7x7  foot  plantings  during  the  third 
year.  In  control  areas  quackgrass  still  predominated. 
The  total  weed  biomass  of  the  control  areas  was  about 
20  percent  greater  than  that  of  the  sprayed  areas 
but  the  difference  was  nonsignificant. 

Effects  of  weed  control  from  spraying  glyphosate 
at  the  end  of  the  second  year  showed  no  significant 
gain  in  the  third  through  fifth  year  current  annual 
woody  biomass  increment  for  most  clone-spacing 
combinations  (table  6).  However,  the  Populus  x  eu- 
ramericana  (NC-5377  and  DN-34)  clones  produced 
significantly  greater  biomass  on  the  wider  spaced 
(6.9  x  6.6  foot)  sprayed  plots. 


Table  6. — Effect  of  weed  control  from  fall  or  spring  application  of  glyphosate  at  age  2  on  current  annual  biomass 
increment  of  hybrid  poplar  at  ages  3,  4,  and  5.  Control  plots  had  no  weed  control. 

(In  t/ac/yr) 

Age  (years) 


Clone 
NE-299 

NC-5260 

NC-5337 

DN-34 
Overall  Mean 


3 

4 

5 

Spacing 

Control 

Fall 

Spring 

Control 

Fall 

Spring 

Control 

Fall 

Spring 

Feet 
2.3x2.3 
3.6x3.6 
6.9x6.6 

5.9 
4.4 
2.7 

6.2 
5.0 
2.7 

4.9 
4.9 

4.1 

7.3 
7.1 
6.8 

6.7 
6.1 
6.2 

6.6 
6.8 
6.6 

5.0 
6.4 

4.7 
lost 
6.6 

4.8 
lost 

3.6x3.6 
6.9x6.6 

2.7 
0.6 

2.6 
1.0 

4.1 
1.3 

6.2 
3.3 

6.2 
5.9 

6.2 
6.8 

3.6 
5.3 

3.8 
5.6 

4.2 
6.1 

3.6x3.6 
6.9x6.6 

3.7 
0.5 

2.4 
0.7 

2.5 
0.6 

4.7 
1.5 

3.5 
2.2 

3.8 
2.4 

2.7 
1.6 

2.8 
2.3 

3.1 
3.0 

6.9x6.6 

0.2 

0.5 

0.7 

0.8 

1.8 

2.2 

1.1 

2.1 

2.5 

S.D. 

2.6 
2.1 

2.6 
2.0 

29 
1.8 

4.7 
2.6 

4.9 
2.0 

5.2 
2.1 

3.7 
2.0 

3.8 
1.6 

4.0 
1.3 
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We  conclude  that  little  can  be  done  with  further 
weed  control  to  improve  upon  tree  growth  in  3.3  x 
3.3  foot  or  closer  spaced  irrigated  and  fertilized  plan- 
tations if  they  have  been  established  with  initially 
good  weed  control.  However,  further  weed  control 
may  be  beneficial  for  wider  spacings  and,  we  believe, 
it  is  highly  beneficial  for  non-irrigated  and  nonfer- 
tilized  plantations. 

Insects  and  Disease 

Diseases  and  insect  pests  that  may  be  of  minor 
importance  in  natural  poplar  stands  can  cause  plan- 
tation failure  or  reductions  in  quantity  and  quality 
jf  fiber  yields  of  ICHP  plantations.  Large,  densely 
Dlanted,  monoclonal  stands  of  even-aged  trees  exotic 
o  a  region  are  vulnerable  to  attack  by  insects,  mites, 
ungi,  viruses,  and  bacteria  throughout  all  stages  of 
in  intensive  culture  program.  Pest  management 
onsiderations  made  prior  to  or  during  nursery  or 
jlantation  establishment  and  integrated  with  other 
nanagement  activities  can  help  avoid  or  minimize 
uture  problems. 

To  determine  what  diseases  and  insects  were  po- 
entially  damaging  to  hybrid  poplars  in  the  north 
:entral  region  of  the  United  States  and  what  clones 
sxhibited  resistance  to  them,  a  series  of  small  plots, 
ach  containing  36  clones  of  poplar  species  and  hy- 
)rids,  were  established  in  1976  and  1977  (Ostry  1979). 
Since  these  plantings  were  established,  several  po- 
entially  serious  diseases  and  insects  have  developed 
n  them  and  many  additional  pests  of  possible  pe- 
iodic  importance  have  also  been  detected.  Foliage 
liseases  caused  by  Melampsora  medusae,  Marsson- 
na  brunnea,  and  Septoria  musiva  result  in  prema- 
ure  defoliation  that  reduces  growth  (figs.  11,  12) 
Schipper  et  al.  1978,  Palmer  et  al.  1980b,  and  Palmer 


rigure  11. — Premature  defoliation  of  susceptible  trees 
(left)  caused  by  Septoria  musiva  contrasted  to  re- 
sistant tree. 


Figure  12. — Infected  and  healthy  leaves  of  trees  in 
fig.  11. 

et  al.  1980a).  Trees  that  are  repeatedly  infected  be- 
come stressed  and  weakened  and  are  then  subject  to 
attack  by  stem  diseases  caused  by  Cytospora,  Doth- 
ichiza,  and  Phomopsis.  Septoria,  in  addition  to  caus- 
ing a  leaf  disease,  also  causes  a  serious  branch  and 
stem  canker  that  can  jeopardize  the  success  of  a  plan- 
tation (fig.  13).  These  weakened  trees  attract  insect 
pests. 


' 


Figure  13. — Dieback  of  tree  infected  with  Septoria 
canker. 
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Three  major  conclusions  can  be  drawn  from  re- 
sults of  the  screening  plots: 

1.  Different  poplar  diseases  and  insects  may  be  of 
more  importance  in  one  area  than  another.  For 
example,  Melampsora  rust  is  far  more  severe  in 
Rhinelander,  where  larch,  its  alternate  host,  is 
present,  than  in  Iowa  where  rust  spores  arrive 
later  in  the  season  and  trees  therefore  are  not 
infected  until  late  in  the  season  ( Widin  and  Schip- 
per  1981).  This  illustrates  the  importance  of  lo- 
cally screening  clones  for  disease  and  insect  re- 
sistance before  they  are  widely  planted. 

2.  Disease  organisms  often  take  several  years  before 
they  become  a  serious  problem.  For  instance, 
Marssonina  was  not  prevalent  in  plantings  at  Ro- 
semount,  Minnesota  in  1975.  However,  since  then 
it  has  become  epidemic  on  susceptible  clones.  Sep- 
toria  leaf  spot  was  low  and  Septoria  canker  absent 
on  trees  at  Rhinelander  until  1981.  It  is  expected 
that  this  disease  will  increase  in  importance  there, 
as  it  has  elsewhere  in  the  Lake  States.  Also,  the 
poplar-  and  willow-borer,  Cryptorhynchus  lapathi, 
only  recently  has  become  important  in  Wisconsin 
and  Michigan.  Clones  NE-252,  NE-372,  NE-375, 
NE-374,  DN-30,  DN-34,  and  NC-5377  so  far  have 
been  identified  as  susceptible  to  this  weevil.  It  is 
certain  more  clones  will  become  affected  as  more 
plantations  are  set  out  and  trees  get  older. 

3.  Some  pests,  although  usually  of  little  signifi- 
cance, can  under  the  right  environmental  con- 
ditions, be  of  periodic  importance  (Ostry  1980a, 
1980b).  Consideration  must  be  given  to  these  when 
various  cultural  practices  are  carried  out  to  en- 
sure that  conditions  are  not  changed  to  favor  pest 
development.  For  instance,  weed  control  appears 
to  favor  buildup  of  the  tarnished  plant  bug.  Cer- 
tain cultural  practices  including  cover  cropping 
with  white  dutch  clover  reduce  the  insect  (Sapio 
et  al.  1982).  Clones  most  suceptible  so  far  are  NE- 
298,  NE-386,  NE-387,  and  NC-9921.  Similarly, 
environmental  stresses  such  as  drought  and  win- 
ter injury  can  predispose  trees  to  pests  not  ordi- 
narily a  problem. 

Deer  Browsing 

A  concern  in  establishing  ICHP  plantations  is  deer 
browsing  of  newly  planted  trees.  A  7-acre  plantation 
established  in  an  area  with  a  large  deer  population 
was  sampled  for  deer  damage  during  the  first  2  years. 
During  the  first  winter  deer  browsed  55  percent  of 
the  200  trees  in  the  sample  plot,  removing  an  av- 
erage of  4  inches  from  the  terminals  of  the  browsed 
trees.  Trees  of  all  heights  were  browsed  although 
browsing  was  less  frequent  on  trees  more  than  5.5 
feet  tall.  During  the  second  growing  season  browsed 


trees  grew  as  much  in  height  as  the  unbrowsed  trees. 
By  the  end  of  the  second  growing  season  tree  height 
averaged  10.5  feet,  which  is  above  the  browsing  height 
of  deer,  and  browsed  trees  appeared  to  be  of  equal 
vigor  and  form  to  unbrowsed  trees.  Although  in  this 
case  4  inches  of  tree  height  was  lost  because  of  deer 
browsing,  it  does  not  appear  that  browsing  will  be  a 
barrier  to  successful  establishment  of  well-managed 
irrigated  plantations.  On  less  intensively  managed 
and  slower  growing  plantations,  browsing  in  suc- 
cessive years  may  cause  problems  with  tree  growth 
and  form  but  such  data  are  not  available  at  this  time. 

Planting  Material 

Although  we  recommend  and  use  dormant  hard- 1 
wood  cuttings,  other  types  of  planting  material  exist. 
One-year-old  rooted  stock  is  frequently  sold  by  com- 
mercial nurseries  and  in  one  case  has  been  used  for 
large  field  plantings  by  a  private  corporation  (Mike 
Morin,  personal  communications).  Hardwood  cut-J 
tings  may  also  be  rooted  and  planted  as  container- 
ized stock.  The  advantages  of  containerized  stock  are 
(1)  even  very  small  diameter  cuttings  survive  and 
grow  well,  (2)  the  planting  season  may  be  extended, 
and  (3)  survival  may  be  improved  on  harsh  sites.' 
Populus  can  also  be  propagated  by  rooting  green- 
wood tip  cuttings  in  various  containers  and  media 
or  in  a  dilute  nutrient  solution  (Phipps  et  al.  1977, 
1980).  Rooted  greenwood  cuttings  can  be  produced 
in  a  short  time  and  may  provide  additional  planting 
stock  if  hardwood  cutting  supplies  are  inadequate. 
Also,  certain  clones  or  hybrids  of  Populus  alba  are 
more  easily  rooted  from  greenwood  cuttings. 

Cutting  Production 

CLONAL  ORCHARD  MANAGEMENT 

Trees  for  cutting  production  have  commonly  been  i 
planted  at  spacings  from  1  to  4  feet  within  rows  and  i 
from  10  to  12  feet  between  rows.  Stool  beds  estab- 
lished in  this  manner  have  the  advantage  of  easy 
access  to  individual  rows  and  make  mix  ups  between 
clones  less  likely  than  in  closer  spaced  orchards.  San- 
itation practices  are  necessary  to  reduce  inoculum 
from  infected  stock  and  are  more  easily,  and  thor- 
oughly accomplished  in  wider-spaced  stool  beds.  Cul- 
tural practices  such  as  roguing,  and  disposal  of  in- 
fected residues  together  with  soil  cultivation  to  bury 
infected  fallen  leaf  debris  can  reduce  disease  sever- 
ity. Disadvantages  are  that  a  larger  area  is  required 
to  produce  cuttings  compared  to  block  plantings  at 
closer  spacings  such  as  3.3  x  3.3  feet.  Also  the  wide 
spacing  requires  continual  weed  control.  Close  spac- 
ing increases  incidence  of  disease  such  as  Septoria 
canker. 
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HARVESTING 

Harvesting  Methods 

Harvesting  methods  vary  depending  on  the  num- 
ber of  cuttings  to  be  harvested  and  the  availability 
of  labor.  Hand  pruners  and  power  brush  saws  are 
often  used  in  harvesting  operations.  Tractor  mounted 
sickle  bars  can  be  used  to  "mow"  whips  especially  if 
whips  from  a  single  stump  are  tied  together  prior  to 
harvest.  Mechanical  harvesting  systems  are  being 
developed  that  will  cut  whips,  tie  them  in  bundles 
and  load  them  on  to  wagons  for  transport  to  the 
processing  area  (fig.  14). 

Time  of  Harvesting 

When  to  harvest  dormant  hardwood  cuttings  de- 
pends on  their  stage  of  physiological  readiness  to 
develop  roots  and  shoots  (vigor)  and  a  convenient 
harvesting  time.  Like  most  deciduous  broadleaved 
species  of  the  temperate  zone,  Populus  hybrids  re- 
quire a  period  of  exposure  to  subfreezing  tempera- 
tures to  reach  the  proper  condition  for  normal  root 
and  shoot  development.  Date  when  proper  condition 
is  reached  depends  on  climate. 

In  a  greenhouse  study  on  root  and  shoot  devel- 
opment of  cuttings  taken  monthly  from  November 
through  March,  we  found  development  proceeded  more 
rapidly  as  cuttings  were  collected  later  in  the  dor- 
mant period  (Phipps  and  Netzer  1981).  Beyond  De- 
cember, however,  effects  were  less  pronounced.  In  a 
second  study,  cuttings  of  several  clones  were  col- 
lected monthly  from  September  to  December  and 
stored  at  several  temperatures  ranging  from  4°F  to 
36°F  and  then  planted  in  the  field.  Early  results  in- 
dicate that  overall  survival  and  height  growth  were 
best  for  cuttings  collected  in  December  (Phipps  and 
Fege,  unpublished  data).  However,  cuttings  collected 
in  October  and  November  performed  almost  as  well 
except  for  those  stored  at  the  lowest  temperature- 
suggesting  that  the  tissue  of  these  cuttings  was  not 
yet  sufficiently  hardened  to  tolerate  such  a  low  stor- 
age temperature.  Cuttings  collected  in  September- 
did  not  survive  or  grow  well  and  this  early  date  should 
not  be  considered  for  harvesting. 

For  many  nurseries  December  or  January  would 
also  be  a  convenient  time  of  year  to  harvest  and 
process  cuttings.  The  main  disadvantage,  however, 
in  many  northern  areas  is  the  deep  snow  and  ex- 
treme cold  in  which  this  operation  must  be  per- 
formed. February  and  March  may  be  alternative  col- 
lection dates,  if  this  activity  does  not  conflict  with 
other  operations.  However,  soil  conditions  would  have 
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Figure  14. — A  modified  corn  binder  shows  promise 
for  mechanically  cutting  and  bundling  whips. 

to  permit  the  use  of  harvesting  machinery  and  the 
cutting  collection  would  have  to  be  completed  before 
trees  break  dormancy.  Although  the  results  of  the 
studies  mentioned  above  are  tentative,  it  appears 
that  cuttings  collected  from  November  through  March 
will  perform  satisfactorily.  Interestingly,  the  best  time 
to  harvest  Populus  cuttings  coincides  with  the  best 
harvesting  time  to  achieve  the  most  vigorous  coppice 
regeneration  (stump  sprouts)  for  the  next  seasons 
production. 

GRADING 

One  of  the  most  important  criteria  for  selecting 
cuttings  that  will  survive  and  grow  well  after  field 
planting  is  diameter,  measured  usually  at  the  base 
of  the  cutting.  It  has  been  found  for  some  species  at 
least,  that  hardwood  cuttings  taken  from  basal  por- 
tions of  stem  shoots  root  better  than  those  taken  near 
the  tip  (Hartmann  and  Kester  1975).  This  was  con- 
firmed for  Populus  alba  (Hansen  and  Tolsted  1981). 
For  most  Populus  clones  cuttings  with  a  diameter 
range  from  3/8  to  1  inch  will  perform  well  in  the 
field.  Cuttings  larger  than  1  inch  may  be  used  if  they 
can  be  accommodated  by  the  planting  machine  or 
will  be  hand  planted. 

The  effect  of  cutting  diameter  on  early  survival 
and  growth  were  studied  at  Rhinelander,  Wisconsin, 
and  East  Lansing,  Michigan  (Dickmann  etal.  1980). 
One-year-old  shoots  of  six  different  clones  were  made 
into  cuttings  ranging  in  diameter  from  less  than  1/ 
4  inch  to  about  3/4  inch  and  field  planted.  Results 
after  one  growing  season  showed  that  survival  and 
growth  increased  significantly  with  diameter  (fig. 
15).  Shoots  of  small  cuttings  were  only  1/3  to  2/3  as 
tall  as  those  from  large  cuttings  during  the  first  11 
weeks  after  planting  (fig.  16).  During  this  period, 
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Figure  15. — Effect  of  cutting  diameter  on  survival,  shoot  length,  and  shoot  dry  weight  (d.w.) 
o/'Populus  cv.  rasumowskyana  x  P.  cv.  'incrassata  (NE-58). 


cuttings  are  susceptible  to  environmental  stress  and 
weed  competition  and  may  fail  without  irrigation 
and  weed  control.  The  performance  of  cuttings  less 
than  1/4  inch  diameter  was  very  poor  and  would  not 
be  satisfactory  for  unirrigated  field  planting.  How- 
ever, small  diameter  cuttings  can  be  used  for  clonal 
stock  in  nurseries  where  cultural  conditions  may  be 
more  favorable. 

It  is  imperative  to  avoid  introducing  serious  pest 
problems  to  new  areas  by  carefully  examining  and 
culling  all  diseased  nursery  stock  found.  Marssonina 
and  Septoria  and  insect  eggs  and  borers  can  be  pres- 
ent on  or  in  hardwood  cuttings  and  spread  through 
an  entire  plantation  if  infected  or  infested  stock  is 
planted.  A  European  bacterial  canker  caused  by 
Xanthcmonas  populi,  is  not  known  to  be  present  in 
our  region.  Poplar  mosaic  virus  is  widely  distributed 


in  Europe  and  has  been  found  in  Canada  but  has  no 
yet  been  confirmed  in  the  United  States  (Navrati 
1977). 

STORAGE 

Our  experience  has  shown  that  dormant  hare 
wood  cuttings  of  most  clones  can  be  stored  at  37° 
for  a  maximum  of  about  3  months.  However,  at  th: 
temperature  maintenance  of  internal  bark  moistur 
is  critical  to  avoid  losses  caused  by  fungi  that  attac 
cuttings  in  storage.  Temperatures  at  or  below  free: 
ing  are  preferable  for  most  storage,  and  are  essenti; 
for  long  term  storage.  Cuttings  of  several  differet 
clones  have  been  successfully  stored  for  2  years  i 
chest  freezers  at  temperatures  between  10  and  20° 
To  prevent  desiccation  cutting  bundles  are  doub 
bagged  in  heavy  polyethylene.  In  areas  where  wii 
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Figure  16. — Effect  of  cutting  diameter  on  height  growth 
of  clone  NE-58  during  the  first  11  weeks  after 
planting  in  East  Lansing,  Michigan. 

ters  are  sufficiently  cold,  cuttings  may  be  stored  for 
several  months  in  unheated  shelters  or  buildings 
without  refrigeration.  However,  late  winter  temper- 
atures can  fluctuate  widely  and  cause  the  cuttings 
to  break  dormancy  before  they  can  be  planted.  There- 
fore some  provision  for  refrigeration  is  recom- 
mended. 

Cuttings  stored  improperly  may  be  affected  by  a 
condition  known  as  blackstem.  Microorganisms 
present  on  bark  surfaces  of  cuttings  cause  deterio- 
ration of  cuttings,  killing  them  directly  in  storage 
or  weakening  them.  Weakened  cuttings  produce  un- 
thrifty plants  that  may  be  predisposed  to  other  stresses 
resulting  in  planting  failures. 

An  alternative  to  bagging  cuttings  in  polyethyl- 
ene is  to  pack  them  in  a  moist  medium  such  as  sphag- 
num peat  moss  in  boxes  or  crates.  Early  results  of  a 
field  planting  test  with  cuttings  stored  by  the  latter 
method  indicate  satisfactory  performance.  However, 
special  care  should  be  taken  that  the  medium  does 
not  dry  out.  It  is  also  possible  that  entire  stems  or 
whips  can  be  stored  without  protective  covering  for 
a  short  time  before  making  them  into  cuttings.  In 
this  case,  it  is  essential  to  maintain  humidity  in  the 
storage  area  high  enough  to  prevent  desiccation.  It 
is  not  known  if  this  method  could  be  used  for  longer 
periods  of  storage  or  at  subfreezing  temperatures. 
Further  study  of  storage  of  entire  whips  would  be 
necessary  before  the  method  could  be  recommended. 


PREPLANT  TREATMENT 

Raising  Storage  Temperature 

Shoots  and  roots  grow  slower  on  cuttings  stored 
at  subfreezing  temperatures  than  on  cuttings  stored 
at  above  freezing  temperatures  (Phipps  and  Netzer 
1981).  In  some  cases,  cuttings  stored  at  subfreezing 
temperatures  fail  to  develop  and  eventually  die.  To 
compensate  for  the  detrimental  effects  of  subfreezing 
storage  raise  the  storage  temperature  to  37°-40°F  for 
1  to  2  weeks  before  planting  (Phipps,  unpublished 
data).  Best  results  are  obtained  when  this  treatment 
is  followed  by  soaking  for  from  7  to  10  days  at  60°F 

Soaking 

Soaking  hardwood  cuttings  in  water  before  plant- 
ing has  been  practiced  in  some  parts  of  Europe  and 
to  some  extent  in  the  southern  United  States  with 
cottonwood  (P.  deltoides).  McKnight  (1970)  recom- 
mended that  cottonwood  cuttings  be  soaked  in  water 
until  fully  saturated  (up  to  3  days)  before  field  plant- 
ing. Petersen  and  Phipps  (1976)  found  that  soaking 
stimulated  root  emergence  and  improved  field  es- 
tablishment as  compared  with  unsoaked  cuttings  for 
three  different  hybrid  Populus  clones  tested. 

Field  studies  have  shown  a  consistent  10  percent 
increase  in  height  growth  due  to  soaking  under  con- 
ditions of  adequate  soil  moisture  (Hansen,  unpub- 
lished data).  Observations  of  field  plantings  suggest 
that  the  benefit  of  soaking  increases  as  soil  moisture 
stress  increases. 

Both  water  temperature  and  soaking  duration  af- 
fect subsequent  performance  of  the  cutting.  Cuttings 
of  two  clones  were  soaked  in  water  at  40°F  and  60°F 
for  2,  4,  6,  and  8  days.  Cuttings  were  then  grown  in 
a  growth  room  and  evaluated  in  terms  of  shoot  length, 
number  of  shoots,  and  average  length  of  the  longest 
root.  Cuttings  soaked  at  60°F  were  significantly  bet- 
ter then  those  soaked  at  40°F  (Phipps,  unpublished 
data).  Also,  shoots  and  roots  grew  longer  with  in- 
creased soaking  time,  although  differences  were  not 
significant. 

Two  questions  may  frequently  confront  a  field 
manager: 

1.  Can  cuttings  soaked  to  the  proper  stage  for  plant- 
ing be  held  in  a  vigorous  condition  if  planting 
must  be  delayed? 

2.  Will  soaked  cuttings  be  severely  damaged  by  short 
periods  of  drying  that  inevitably  occur  during  the 
planting  operation? 
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In  a  separate  part  of  the  study  cuttings  were  soaked 
for  various  lengths  of  time  and  then  exposed  to  dif- 
ferent combinations  of  cooling  by  packing  in  crushed 
ice  for  2  weeks  and/or  air  drying  for  8  hours  before 
planting. 

Results  indicated  that  cuttings  could  be  main- 
tained for  2  weeks  by  packing  in  ice  and  returning 
to  cold  storage,  and  cuttings  could  be  subjected  to  air 
drying  for  8  hours  without  suffering  serious  growth 
loss.  However,  it  should  be  stressed  that  best  results 
will  be  obtained  when  cuttings  are  planted  as  quickly 
as  possible  after  soaking,  and  packing  in  ice  must 
be  regarded  only  as  an  emergency  measure. 


Planting 


MACHINERY 


The  semi-mechanical  transplanter  model  CT-52-3 
is  the  most  efficient  planter  we  have  tested  for  un- 
rooted hardwood  cuttings  on  well-tilled  sites.  With 
a  4-row  planter  our  6-man  field  crew  planted  about 
5,000  cuttings  per  hour  or  in  excess  of  30,000  cut- 
tings in  6  hours.at  a  3.3  x  3.3  foot  spacing.  A  2  unit 
Model  1525  transplanter  is  advantageous  for  stony 
sites  or  unfilled  areas.  About  500  cuttings  per  unit 
per  hour  can  be  planted  with  this  transplanter.  This 
planter  also  allows  planting  of  rooted  stock,  con- 
tainerized stock,  or  long  whips.  The  Model  1525 
planter  was  slightly  modified  by  engineers  at  the 
Forestry  Sciences  Laboratory  in  Houghton,  Michi- 
gan. They  added  an  audible  system  to  control  within- 
row  spacing,  redesigned  the  packing  system,  added 
larger  and  stronger  planting  shoes,  and  added  pro- 
tective shields  for  the  operators. 

DEPTH 

Various  recommendations  have  appeared  in  the 
literature  for  best  depth  of  planting  hardwood  cut- 
tings of  different  species.  Generally,  these  range  from 
leaving  from  2  to  3  buds  exposed  above  ground  to 
planting  the  cutting  flush  with  the  ground  level.  In 
most  situations  leaving  1  or  2  buds  above  ground  or 
leaving  the  cutting  1  inch  above  ground  if  no  buds 
are  present  will  produce  good  results  with  Populus 
hybrid  cuttings.  Early  results  of  tests  designed  to 
determine  the  effects  of  cutting  length  and  planting 
depth  showed  that  8  inch  cuttings  produced  the  least 

^Available  from  Mechanical  Transplanter  Com- 
pany, South  Central  Avenue  at  US-31,  Holland, 
Michigan  49423. 

^Mention  of  trade  names  does  not  constitute  en- 
dorsement of  the  product  by  the  USDA  Forest  Service. 


number  of  main  shoots  when  planted  flush  with  the 
ground  surface  in  a  silt  loam  soil.  However,  first- 
year  shoot  height  was  less  than  that  of  cuttings 
planted  at  shallower  depths  of  either  4  or  6  inches 
(Phipps,  unpublished  data).  Whether  the  results  would 
be  the  same  on  coarser  textured  soils  remains  to  be 
studied. 

TIME 

It  is  generally  believed  that  the  best  time  to  plant 
is  shortly  after  soil  frost  leaves  in  the  spring.  How- 
ever, 3  years  of  planting  throughout  the  soil  frost- 
free  period  showed  that  cuttings  planted  in  April 
grew  less  in  height  during  the  growing  season  than 
those  planted  in  May  (fig.  17)  (Hansen,  unpublished 
data).  In  fact,  in  northern  Wisconsin  early  June 
planting  dates  are  generally  as  good  as  those  in  April. 
Mid-May  was  consistently  the  best  planting  time 
although  the  increase  in  growth  was  slight.  August 
plantings  failed  each  year  due  to  frost  heaving  of  the 
weakly  rooted  cuttings.  Fall  planting  resulted  in  mixed 
success  from  year-to-year  due  to  frost  heaving;  one 
year  out  of  three  resulted  in  successful  establish- 
ment. We  speculate  that  fall  planting  would  be  more 
successful  on  sandy  soils  or  during  winters  with  deeper 
snowpacks — our  two  fall  planting  failures  preceded 
winters  with  light  snowpacks. 

Fertilization 

Hybrid  poplars  require  large  amounts  of  nitrogen 
(Hansen  and  Baker  1979).  On  our  silt  loam  soils  ii 
all  weeds  were  kept  out  of  the  plantation  by  hanc 
weeding,  growth  was  not  accelerated  from  fertiliza- 
tion with  100  pounds  nitrogen  per  acre  per  year  dur- 
ing the  first  2  years.  In  contrast,  if  weeds  are  present 
(as  is  the  case  in  all  field  plantations),  fertilizatior 
significantly  increases  tree  growth  ( table  7 )  ( Hansen 
unpublished  data).  In  our  studies  fertilization  with 
100  pounds  nitrogen  per  acre  per  year  increased  1- 
and  2-year  tree  height  as  much  as  80  percent  or 
weedy  plots.  In  cases  where  severe  weed  competition 


Table  1  .—Effect  of  N  fertilizer  (applied  as  NH.NO 
on  1  -  and  2 -year  tree  heights  on  "weedy"  and  "weed 

free"pl°tS   '  (In  feet, 


Total  seasonal  height  growth 

Fertilizer 
rate 

Weedy  plot                  Weed-free  plot 

(Ibs/ac/yr) 

1 -year-old     2-year-old     1 -year-old     2-year-old 

0 

50 
100 
150 

3.3             4.0             3.7             9.0 
3.5             4.7                               — 
4.7             7.7              —              — 
4.9             7.2             3.6             8.7 
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develops  shortly  after  planting,  fertilization  is  es- 
sential for  successful  establishment.  Fertilizer  in- 
creases the  incidence  and  attacks  by  sucking  insects 

5|- 


but  tends  to  decrease  wood  borers  and  some  defol- 
iators (Wilson  1976). 


A    Height 


100i- 


»• ••*.» 


B   Survival 


1979 


J        "       A 
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Figure  17. — (A)  Total  height  and  (B)  survival  of  1-  and  2-year-old  trees  respectively  as  related 
to  planting  date  for  3  years  of  trials  with  clone  NC-9922. 
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Seeding  an  herbaceous  legume  cover  crop  such  as 
birdsfoot  trefoil  in  a  plantation  at  or  shortly  after 
the  time  of  planting  cuttings  has  the  potential  for 
eventually  providing  nitrogen.  However,  our  studies 
show  no  benefit  to  first  or  second  year  tree  growth 
(Hansen,  unpublished  data).  Nitrogen  fertilization 
is  required  as  much  the  first  2  years  with  legumes 
as  it  is  with  weeds. 

Another  future  possibility  for  managing  nitrogen 
on  the  site  is  to  mix  nitrogen-fixing  trees  such  as 
Alnus  with  the  Populus  (DeBell  and  Radwan  1979, 
Hansen  and  Dawson  1982).  However,  this  concept  is 
still  in  the  developmental  stage  and  not  yet  ready 
for  commercial  plantations. 

Soil  pH  can  vary  considerably  but  should  be  main- 
tained between  5.0  and  7.5  by  liming  (van  den  Burg 
and  Schoenfeld  1978,  Wolkowski  and  Schulte  1980). 
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Irrigation 


At  the  time  of  planting,  soil  moisture  tension  should 
be  -  0.2  bar  or  less.  A  growthroom  study  using  boxes 
of  soil  at  different  moisture  tension  levels  showed 
that  early  shoot  growth  of  unrooted  hardwood  cut- 
tings increased  as  soil  moisture  tensions  decreased 
to  at  least  -  0.05  bar  indicating  that  new  plantations 
should  be  kept  moist  (fig.  18)  (Hansen  and  Phipps, 
unpublished  data).  The  time  required  for  bud  break 
and  shoot  growth  to  begin  also  decreased  as  the  soil 
became  wetter.  However,  in  some  soils  the  reduced 
aeration  from  rain  or  irrigation  may  negate  the  po- 
tential benefits  of  low  soil  moisture  tension. 

Soil  moisture  can  usually  be  maintained  at  high 
levels  in  early  spring  by  good  site  preparation  and 
weed  control  practices  that  prevent  soil  moisture 
withdrawal  by  weeds.  If  soils  do  dry  out,  moisture 
levels  can  be  restored  by  irrigation.  If  irrigation  is 
not  possible  and  if  the  planting  workload  is  small, 
planting  can  be  delayed  until  after  a  rain.  Also  the 
effects  of  dry  soil  can  be  offset  to  a  large  extent  by 
soaking  the  cuttings  prior  to  planting  (fig.  18).  (Refer 
to  "Preplant  Treatment"  section  for  discussion  of 
soaking  technique.)  The  best  planting  procedure  is 
a  combination  of  both  practices — plant  soaked  cut- 
tings in  a  moist  soil. 

Maintaining  high  soil  moisture  is  important  even 
after  the  cuttings  begin  to  grow.  In  our  tests  tree 
volume  was  greatest  at  the  wettest  soil  moisture 
level  and  was  almost  double  that  of  unirrigated  trees 
(fig.  19)  (Hansen,  unpublished  data).  These  results 
were  obtained  during  the  first  2  years  of  tree  growth 
in  a  study  in  which  a  particular  treatment  was  ir- 
rigated whenever  the  specified  soil  moisture  level 
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Figure  18. — Relation  of  10 -day  shoot  elongation  on 

clone  NC-5260  to  the  initial  soil  moisture  tension. 

The  cuttings  were  soaked  1 0  days  prior  to  planting. 

Cuttings  that  were  not  soaked  had  not  yet  begun 

to  grow. 
was  reached.  From  these  results  we  concluded  that 
the  management  objective  should  be  to  maintain  high 
soil  moisture  levels  by  irrigation — if  possible.  In  the 
absence  of  irrigation,  periods  of  high  soil  moisture 
can  be  extended  by  good  weed  control.  But  eventu- 
ally the  tree  canopies  close  and  the  trees  completely 
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Figure  19. — Relation  of  the  tree  volume  index  D2H 
(where  D  is  the  breast  height  diameter  and  H  is 
tree  height)  to  maximum  soil  moisture  tension  per- 
mitted before  irrigating.  Data  are  from  the  2-year- 
old  clone  NC-9922  with  three  replications. 
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occupy  the  site,  and  soil  moisture  may  become  lim- 
iting. Then,  little  can  be  done  to  manage  soil  mois- 
:ure.  Without  irrigation,  soil  moisture  deficits  in 
northern  Wisconsin  occur  regularly  in  mid-  to  late 
summer  (Hansen,  unpublished  data).  Trees  under 
water  stress  are  more  susceptible  to  diseases  (Hay- 
wood and  McNabb  1979)  and  insect  pests  (Stark  1975) 
and  these  can  contribute  to  the  decline  or  death  of 
;rees  even  after  moisture  is  restored. 

Data  were  collected  during  two  summers  of  near 
lormal  precipitation  in  plantations  with  few  weeds 
and  in  which  the  tree  canopies  had  not  yet  closed 
fig.  19).  Under  these  conditions  irrigation  was  highly 
Deneficial  to  tree  growth.  Irrigation  will  probably 
aave  an  even  greater  impact  in  dryer  years,  in  weedy 
Dlantations,  and  in  these  plantations  in  the  future 
low  that  the  canopies  have  been  closed.  Another 
benefit  is  that  morning  irrigation  can  reduce  popu- 
ations  of  the  cottonwood  leaf  beetle,  some  aphids, 
and  some  mites. 

Although  irrigation  is  expensive,  sewage  or  in- 
lustrial  effluent  can  be  used  to  satisfy  the  dual  ob- 
ective  of  tree  irrigation  and  waste  disposal  (Hansen 
't  al.  1980).  This  could  provide  additional  eccnomic 
)enefits  beyond  just  fiber  production  and  make  ir- 
igation  a  feasible  option. 


BIOMASS 


Spacing 


Selection  of  a  given  spacing — within  reasonable 
limits — will  have  only  minimal,  if  any,  effect  of  sus- 
tained biomass  yield  as  long  as  the  important  prin- 
ciple of  harvesting  when  the  mean  annual  biomass 
increment  culminates  is  observed.  Adequate  evi- 
dence has  accumulated  over  the  last  decade  on  the 
So-called  principle  of  "biomass  production  indepen- 
dence of  spacing"  which  simply  means  that  the  same 
oiomass  yield  can  be  obtained  in  plantations  with  a 
wide  range  of  densities  (Zavitkovski  1981b). 

In  the  following  discussion  we  will  assume  that 
:he  same  quantity  of  stem-branch  biomass  can  be 
oroduced  in  dense  and  open  ICHP  plantations,  spaced 
from  about  1  x  1  to  20  x  20  feet.  Studies  of  Ek  and 
Dawson  (1976)  suggested  that  the  mean  annual  bi- 
omass production  of  dry  weight  of  stems  and  branches 
in  northern  Wisconsin  could  reach  6.7  tons  per  acre 
per  year.  Because  these  quantities  were  determined 
in  small  plots  with  unplanted  plot  borders  (Zavit- 
kovski 1981a),  this  value  may  be  an  optimistic  es- 
timate but  perhaps  can  be  reached  in  large  planta- 
tions of  more  productive  hybrid  poplar  clones  such 


as  NE-299  (NC-5331)  or  NC-9922,  which  appear  to 
be  well  adapted  to  the  severe  climate  of  the  region. 

WEED  CONTROL 

The  duration  required  for  weed  control  is  deter- 
mined primarily  by  tree  spacing.  In  dense  planta- 
tions canopies  usually  close  during  the  second  grow- 
ing season  and  thus  shade  out  the  weeds  so  no  weed 
control  is  required  beyond  the  first  year.  In  non-ir- 
rigated and  nonfertilized  plantations  with  rows  10 
feet  apart  weed  control  by  cultivation  or  herbicides 
may  be  required  for  several  years.  Here  weed  control 
is  done  primarily  to  reduce  soil  moisture  and  nu- 
trient use  by  weeds.  This  is  the  standard  practice  in 
the  industrial  plantations  in  Ontario  scheduled  for 
rotation  cycles  of  about  10  years  (Raitanen  1978). 

ESTABLISHMENT  COSTS 

Plantation  establishment  costs  are  composed  of  (1) 
various  site  preparation  operations,  which  are  the 
same  for  any  spacing,  and  (2)  the  planting  operation, 
a  major  cost  of  which  is  planting  material — cuttings. 
Planting  materials  for  dense  plantations  may  add 
substantially  to  the  total  cost.  For  example,  at  a  3.3 
x  3.3  foot  spacing,  4,000  cuttings  are  planted  per 
acre;  at  a  6.6  x  6.6  foot  spacing  only  1,000  cuttings 
are  needed.  At  a  price  of  15  per  cutting,  costs  per 
acre  for  the  planting  material  alone  are  $600  for  the 
3.3  x  3.3  foot  planting  and  $150  for  the  6.6  by  6.6 
foot  planting.  The  cost  of  the  planting  operation  itself 
also  increases  for  dense  plantations  but  no  experi- 
mental data  are  available  at  this  time.  Part  of  the 
additional  cost  to  establish  dense  plantations  may 
be  recovered  because  they  require  a  shorter  period 
of  weed  control. 

ROTATION 

In  general,  on  the  same  site  or  under  the  same 
cultural  treatments,  as  spacing  increases-so  does 
rotation  length.  Studies  with  Populus  'Tristis  #1' 
indicated  that  in  dense  plantings,  e.g.,  9x9  inches, 
the  mean  annual  biomass  increment  culminates  at 
an  age  of  about  3  years  (Ek  and  Dawson  1976)  but 
in  more  open  stands,  e.g.,  8x8  feet,  the  maximum 
was  not  reached  yet  at  age  9  (Zavitkovski,  unpub- 
lished data). 

TREE  SIZE 

As  the  spacing  and  rotation  length  increase,  the 
size  of  the  final  crop  trees  also  increases.  For  ex- 
ample, the  average  height  and  d.b.h.  of  the  3-year- 
old  trees  in  the  9x9  inch  planting  were  about  11 
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feet  and  1  inch,  respectively  (Ek  and  Dawson  1976). 
The  corresponding  values  for  the  9-year-old  trees  in 
the  8x8  foot  planting  were  38  feet  and  4.5  inches 
(Zavitkovski,  unpublished  data). 

BIOMASS  DISTRIBUTION 

Spacing  and  age  affect  biomass  distribution  be- 
tween stems  and  branches,  and  wood  and  bark  and 
therefore  affect  the  quality  of  the  material  produced. 
In  general,  the  percentage  of  stem  biomass  increases 
with  decreasing  spacing  and  with  age  (table  8).  In 
dense  stands,  e.g.,  lxl  foot,  stems  accounted  for 
about  75  percent  of  the  total  woody  biomass  in  stands 
from  3-  to  5-years-old.  In  widely  spaced  stands,  e.g., 
8x8  feet,  stem  biomass  increased  from  53  to  57 
percent  from  age  3  to  5  and  reached  65  percent  in 
the  9-year-old  stand. 

Spacing  also  affects  percentage  of  bark  on  stems 
and  branches.  For  both  components,  percentage  of 
bark  decreases  with  wider  spacing  and  with  age  (ta- 
ble 8).  For  example,  at  age  5,  stem  bark  percentage 
in  plantings  spaced  from  1  x  1  to  8  x  8  feet  ranged 
from  20  to  14  percent  and  that  of  branches  from  41 
to  30  percent.  At  age  9  in  the  8x8  foot  planting, 
stem  bark  accounted  for  12  percent  of  the  total  stem 
biomass  and  branch  bark  for  30  percent  of  the  total 
branch  biomass. 

NUTRIENT  REMOVALS 

Tree  spacing  affects  both  tree  size  and  rotation 
age  and  consequently  nutrient  concentration  and  to- 
tal quantity  of  nutrients  removed  at  harvest  (Han- 
sen and  Baker  1979).  In  particular  removal  of  N,  and 
to  a  lesser  extent  P  and  K,  can  be  reduced  with  longer 
rotations.  For  example,  nitrogen  concentration  in  the 
above-ground  biomass  of  9-year-old  NC-5260  was  only 
one-third  that  in  2-year-old  trees  of  the  same  clone 
(Hansen,  unpublished  data).  So  wider  spacings  and 
longer  rotations  will  drain  less  nutrients. 

HARVESTING  COSTS 

Harvesting  costs  of  dense  plantations  will  be  higher 
than  that  of  open  stands.  Mattson  (unpublished  re- 
port dated  1976)  calculated  that  efficiency  of  existing 
whole-tree  chipping  systems  (visualized  for  harvest- 
ing of  ICHP  plantations)  increases  with  wider  spac- 
ing. The  total  cost  of  whole-tree  harvesting,  ex- 
pressed in  dollars  per  dry  ton  harvested,  would  be 
about  three  times  higher  in  dense  plantations  (2  x 
2  feet)  than  in  open  plantations  (12  x  12  feet).  For 
this  calculation,  Mattson  assumed  (from  Ek  and 
Dawson  1976)  that  both  plantations  will  have  the 


Table  8. — Biomass  distribution  among  tree  compo- 
nents of  ICHP  in  Wisconsin1 


Spacing 

Age 

Woody  biomass 
Stems  Branches 

Stems 

Branches 

(»t) 

Wood  Bark 

Wood  Bark 

Years 

■  Percent  - 

1x1 

3 

74 

26 

75 

25 

56     44 

4 

76 

24 

79 

21 

58     42 

5 

78 

22 

80 

20 

59     41 

2x2 

3 

63 

37 

78 

22 

60     40 

4 

72 

28 

81 

19 

60     40 

5 

77 

23 

83 

17 

61      39 

4x4 

3 

53 

47 

79 

21 

64     36 

4 

64 

36 

83 

17 

65     35 

5 

69 

31 

85 

15 

65     35 

8x8 

3 

53 

47 

78 

22 

67     33 

4 

56 

44 

84 

16 

69     31 

5 

57 

43 

86 

14 

70     30 

9 

65 

35 

88 

12 

70     30 

'Based  on  Meldahl's  (1979)  PhD  Thesis  and  on  measurements  and 
calculations  of  the  authors. 

same  biomass  at  age  10  but  the  dense  plantation 
would  have  33  times  more  trees  than  the  open  one. 
Our  studies  indicate  that  a  different  situation  may 
develop  in  the  harvesting  of  the  two  stands.  The 
dense  planting  would  be  harvested  several  times 
(about  3  times)  while  the  open  plantation  only  once 
to  accumulate  the  same  stem-branch  biomass.  Under 
this  system,  the  economic  disparity  may  be  even 
greater  unless  new  harvesting-chipping  machines 
being  developed  will  substantially  reduce  harvesting 
costs  in  ICHP  plantations. 

The  foregoing  discussion  indicates  that  the  deci- 
sion of  "which  spacing"  should  be  made  after  con- 
sidering a  number  of  factors.  No  one  spacing  will  be 
best  for  all  cases.  From  thQ  economic  standpoint,  not 
only  plantation  establishment  but  also  harvesting 
will  be  less  expensive  in  open  plantations.  The  longer 
rotation  cycles  may  have  an  additional  advantage  in 
reducing  both  soil  compaction  and  the  impact  on  site 
fertility. 
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PESTICIDE  PRECAUTIONARY  STATEMENT 

Pesticides  used  improperly  can  be  injurious  to  man,  animals,  and  plants.  Follow  the 
directions  and  heed  all  precautions  on  the  labels. 

Store  pesticides  in  original  containers  under  lock  and  key — out  of  the  reach  of  children 
and  animals — and  away  from  food  and  feed. 

Apply  pesticides  so  that  they  do  not  endanger  humans,  livestock,  crops,  beneficial 
insects,  fish,  and  wildlife.  Do  not  apply  pesticides  when  there  is  danger  of  drift,  when 
honey  bees  or  other  pollinating  insects  are  visiting  plants,  or  in  ways  that  may  contam- 
inate water  or  leave  illegal  residues. 

Avoid  prolonged  inhalation  of  pesticide  sprays  or  dusts;  wear  protective  clothing  and 
equipment  if  specified  on  the  container. 

If  your  hands  become  contaminated  with  a  pesticide,  do  not  eat  or  drink  until  you 
have  washed.  In  case  a  pesticide  is  swallowed  or  gets  in  the  eyes,  follow  the  first-aid 
treatment  given  on  the  label,  and  get  prompt  medical  attention.  If  a  pesticide  is  spilled 
on  your  skin  or  clothing,  remove  clothing  immediately  and  wash  skin  thoroughly. 

Do  not  clean  spray  equipment  or  dump  excess  spray  material  near  ponds,  streams,  or 
wells.  Because  it  is  difficult  to  remove  all  traces  of  herbicides  from  equipment,  do  not 
use  the  same  equipment  for  insecticides  or  fungicides  that  you  use  for  herbicides. 

Dispose  of  empty  pesticide  containers  promptly.  Have  them  buried  at  a  sanitary  land- 
fill dump,  or  crush  and  bury  them  in  a  level,  isolated  place. 

NOTE:  Some  States  have  restrictions  on  the  use  of  certain  pesticides.  Check  your  State 
and  local  regulations.  Also,  because  regulations  of  pesticides  are  under  constant  review 
by  the  Federal  Environmental  Protection  Agency,  consult  your  county  agricultural  agent 
or  State  extension  specialist  to  be  sure  the  intended  use  is  still  registered. 
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FOREWORD 

In  1975,  research  was  begun  at  the  North  Central  Forest  Experiment 
Station  to  develop  a  system  that  would  update,  project,  and  analyze  forest 
resource  information  in  the  North  Central  Region.  This  comprehensive 
evaluation  system,  designed  to  analyze  all  forest  resources  and  their  uses 
as  an  integrated  system,  is  known  as  FREP  (Forest  Resources  Evaluation 
Program). 

STEMS  (Stand  and  Tree  Evaluation  and  Modeling  System)  is  the  tree 
growth  projection  component  of  FREP.  This  component  has  also  been 
known  as  TRES,  FREP,  and  FREP78.  Today's  STEMS  is  the  product  of 
a  team  of  researchers  at  the  North  Central  Station;  the  development  of 
STEMS  continutes. 

This  publication  is  one  of  three  designed  to  acquaint  you  with  different 
aspects  of  STEMS.  A  Description  of  STEMS,  the  User's  Guide  to  STEMS, 
and  A  Programmer's  Guide  for  STEMS  make  up  the  set. 
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A  DESCRIPTION  OF  STEMS— 

THE  STAND  AND  TREE  EVALUATION 

AND  MODELING  SYSTEM 

David  M.  Belcher,  Biometrician, 

Margaret  R.  Holdaway,  Mathematical  Statistician, 

and  Gary  J.  Brand,  Mensurationist 


Long  range  planning  is  an  essential  part  of  all 
forest  resource  management.  Prudent  management 
requires  accurate  estimates  of  both  current  resource 
levels  and  the  expected  resource  changes  from  im- 
plementing various  management  alternatives.  Such 
information  is  required  by  law  at  State  and  Federal 
levels.  For  private  industry,  the  commitment  of  cap- 
ital requires  estimates  of  present  and  future  resource 
levels  that  are  at  least  as  accurate  as  those  mandated 
by  legislation. 

Even  with  our  rapidly  expanding  expertise  in  in- 
ventory procedures,  our  estimates  of  present  and  fu- 
ture resource  levels  have  numerous  voids.  Sampling 
techniques  capable  of  providing  accurate  estimates 
of  current  forest  resource  levels  are  available  (Coch- 
ran 1977,  Prodan  1968,  Husch  et  al.  1972)  but  it  is 
seldom  practical  to  reinventory  the  forest  every  time 
current  information  is  needed.  Furthermore,  re- 
source inventories  furnish  no  indication  of  future 
changes  that  could  result  from  implementing  var- 
ious management  alternatives.  Therefore,  a  desir- 
able goal  is  a  resource  management  system  that  will 
add  a  dynamic  dimension  to  the  inventory  process 
through  simulation. 

Most  work  in  the  area  of  forest  resource  simula- 
tion has  been  concentrated  on  timber  projections  and 
many  excellent  growth  and  yield  models  have  been 
developed  (Fries  1974,  Fries  et  al.  1978).  However, 
most  of  these  models  have  been  restricted  to  one  or 
a  few  species  groups  in  a  relatively  narrow  geo- 
graphic region.  This  segmented  wealth  of  knowledge 
is  of  only  limited  value  to  the  forest  manager  who 
must  deal  with  all  species  and  all  forest  resources, 
often  over  a  broad  geographical  expanse.  In  recent 
years  more  emphasis  has  been  placed  on  construct- 
ing comprehensive  simulators  that  can  better  por- 
tray the  dynamics  of  a  diverse  resource  base.  Still, 
the  economically  unimportant  species,  mixed  stands, 


and  forest  resources  other  than  timber  have  received 
little  attention. 

As  a  result  of  these  many  needs,  the  development 
of  the  Forest  Resources  Evaluation  Program  (FREP) 
was  undertaken  by  the  North  Central  Forest  Exper- 
iment Station,  USDA  Forest  Service,  in  1975.  The 
ultimate  goal  of  the  FREP  project  is  to  achieve  the 
ability  to  simulate  changes  in  all  major  forest  re- 
sources. The  value  of  such  a  projection  system  is 
twofold.  First,  it  provides  a  mechanism  for  the  de- 
tailed update  of  previously  inventoried  resources  to 
estimate  current  resource  levels.  Second,  it  allows 
the  detailed  projection  of  future  resource  levels  based 
on  known  or  estimated  current  levels.  Projections 
with  and  without  silvicultural  treatments  can  be  made 
to  provide  the  basis  for  resource  assessment.  Updates 
and  projections  for  large  geographic  regions  and  a 
diversity  of  resource  conditions  can  be  made. 

The  first  forest  resource  chosen  was  timber  be- 
cause of  the  wealth  of  information  available  in  the 
literature  and  because  a  large  amount  of  data  on 
tree  growth  was  readily  accessible  (Leary  1979). 

Information  about  FREP  and  earlier  versions  of 
the  tree  growth  projection  system  (TRES  and  FREP78) 
have  been  previously  published  (Buchman  1978, 
Lundgren  1978,  Lundgren  and  Essex  1978,  USDA 
Forest  Service  1979,  Hahn  et  al.  1979,  Smith  and 
Raile  1979).  A  short  version  of  STEMS  has  also  been 
produced  (Brand  1981a). 

This  paper  describes  the  computer  program  STEMS 
(Stand  and  Tree  Evaluation  and  Modeling  System), 
the  current  version  of  the  tree  growth  projection  sys- 
tem. It  presents  the  program  structure,  discusses  the 
growth  model  components,  the  management  subsys- 
tem, and  the  regeneration  subsystem.  Some  prelim- 
inary results  of  model  testing  are  also  presented  and 
an  example  is  discussed. 


STRUCTURE  OF  THE 
STEMS  SYSTEM 

STEMS  is  a  system  of  computer  programs  that 
projects  the  growth  of  individual  trees  in  stands.  Based 
on  biological  principles  of  forest  growth,  STEMS  of- 
fers a  flexible,  generalized  approach  to  simulating 
the  change  of  forest  trees  in  stands.  Coefficients  for 
its  generalized  diameter  growth  and  mortality  func- 
tions have  been  developed  from  more  than  2,500  per- 
manent remeasured  plots  for  all  the  major  tree  spe- 
cies in  the  Lake  States  region  of  the  United  States. 

STEMS  is  an  individual-tree,  distance-indepen- 
dent model  that  can  provide  much  detail  about  trees 
and  stands.  Because  each  tree  is  projected  individ- 
ually (as  a  member  of  a  competing  community  of 
trees),  the  system  offers  the  user  the  opportunity  to 
tailor  output  and  silvicultural  treatment  subrou- 
tines to  meet  his  specific  objectives.  User  control  of 
management  options  and  output  summaries  further 
serves  to  make  STEMS  suitable  to  a  variety  of  user 
needs.  Changes  for  a  single  stand  may  be  monitored 
in  great  detail  and  whole  forest  inventories  may  be 
projected. 

STEMS  consists  of  two  FORTRAN  programs— 
TGPS  and  TABL  (fig.  1).  The  program  TGPS  (Tree 
Growth  Projection  System)  "grows"  stands  of  forest 
trees  by  simulating  the  birth,  growth,  harvest,  and 
death  of  individual  trees  within  a  stand.  Projection 
equations  predict  annual  diameter  growth  of  the  tree, 
probability  of  mortality,  and  crown  ratio.  TGPS  ap- 
plies management  action  (removals)  to  the  stands 
according  to  management  guides  developed  for  Lake 
States  conditions  (Brand  1979, 1981b).  Regeneration 
of  stands  removed  by  management  action  is  also  pro- 
vided. TGPS  produces  a  standard  output  file  of  initial 
and  updated  tree  lists  for  later  summarization  by 
TABL  (TABLes)  or  other  programs. 
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of  trees  per  acre  and  basal  area  with  optional  voh 


TGPS  Program 


Figure  1. — Organization  of  the  STEMS  system. 


Program  TGPS  consists  of  a  series  of  subrou 
that  perform  the  required  input,  processing,  an( 
put  (fig.  2).  The  first  action  of  the  program  is  1 
up  the  projection  environment  by  reading  tht 
options,  the  system  parameters  and  specifical 
and  the  volume  equation  coefficients  with  su 
tines  SETRUN,  SETSYS,  and  SETVOL,  re 
tively.  These  subroutines  and  all  others  present 
this  discussion  are  fully  detailed  by  Belcher  (1 

The  remaining  subroutines  compose  the  Plol 
cessor  Loop.  This  loop  is  executed  once  for  eacl 
on  the  input  file  or  for  a  lesser  number  of  plots 
appropriate  run  option  is  used.  The  first  acti 
the  Plot  Processor  Loop  is  to  read  an  initial  tre 
with  Subroutine  READ.  Next,  Subroutine  TE 
examines  the  list  to  search  for  conditions  like 
produce  undesirable  results  further  along  in  the 
gram.  Informative  messages  are  printed  to  des 
any  problems  that  exist  or  corrective  measures 
have  been  taken.  The  detail  of  these  inform 
messages  is  controlled  with  another  run  optioi 

Next  Subroutine  WRITER  is  called.  This  su 
tine  writes  three  types  of  information  to  the  i 
dard  Output  File  (discussed  in  a  later  section) 
first  is  plot-specific  information  that  does  not  ch 
during  the  projection  period  (e.g.,  property  v. 
site  index,  etc.).  The  second  is  the  current  tret 
and  the  third  is  a  trailer  record  that  indicate 
output  is  complete  for  this  plot.  At  this  point  w 
the  Plot  Processor  Loop  only  the  plot-specific  i 
mation  is  written. 

Subroutines  SETSI  computes  site  index  by  sp 
group.  This  technique  is  based  on  the  work  by 
mean  and  Vasilevsky  (1971)  and  Carmean  (19 

Subroutine  COVTYP  sets  the  cover  type  fo 
plot  by  examining  the  current  basal  area  of 
species  group.  This  first  call  to  COVTYP  com 
the  cover  type  for  the  initial  tree  list. 

Subroutine  WRITER  is  called  next  to  writ 
initial  tree  list  and  stand  conditions  to  the  Star 
Output  File.  Note  that  no  projection  has  yet 
done.  The  initial  tree  list  written  here  is  the 
one  entered  with  READ  and  is  included  in  the  o' 
file  for  summarization  purposes. 


START 


PLOT  PROCESSOR  SECTION 
(PROJECT  ONE  PLOT  AT  A  TIME) 
I 


INITIALIZATION 


Call  SETRUN  to  set 
run  options 


Call  SETVOL  to  set 
volume  coefficients 


Call  SETSYS  to  set 
system  parameters 
and  specifications 


Call  OUTUR  for 
optional  user  output 
before  any  projection 
begins 


Call  READ  to  get 
initial  tree  list 


CallTESTIT  to 
examine  tree  list 


Call  SETSI  to  compute  site 
index  by  species  group 


Call  COVTYP  to  set 
initial  plot 
cover  type 


When  no  live  trees  are 
on  the  initial  tree  list, 
call  REGINT  to 
generate  a  tree  list 


Call  WRITER  to  put 
plot  information  on  the 
standard  output  file 


Call  WRITER  to  put 
initial  tree  list  on  the 
standard  output  file 


Call  OUTUR  for  optional 
user  output  before 
projection  begins  for 
this  plot 


Call  GROW  to  project  the 
plot  one  cycle  and  write 
tree  list  on  the  standard 
output  file 


Call  OUTUR  for  optional 
user  output  at  end  of 
each  cycle 


Call  OUTUR  for  optional 
user  output  after 
projection  is  complete 
for  this  plot 


Call  WRITER  to  put  a 
trailer  record  on  the 
standard  output  file 


repeat 
for  each 
cycle 


STOP 


Call  OUTUR  for 
optional  user  output 
after  projection  is 
compete  for  all  plots 


Figure  2. — Organization  ofTGPS,  the  tree  growth  processor. 


At  this  point,  TGPS  enters  the  Growth  and  Man- 
agement Section,  which  is  executed  once  for  each  of 
the  cycles  requested  in  the  run  options.  The  main 
|  feature  of  this  section  is  a  call  to  Subroutine  GROW 
that  "grows"  the  plot  for  one  cycle  by  applying  a 
sequence  of  1-year  projections  of  growth  and  mor- 
tality. If  management  is  desired,  it  is  performed  at 
the  requested  point  within  the  cycle  by  calls  to  Sub- 
routine MANAGE.  If  regeneration  is  required,  it  is 
applied  at  the  appropriate  point.  The  projected  tree 
list  is  written  to  the  Standard  Output  File  by  Sub- 
routine WRITER  from  within  GROW. 

When  the  Growth  and  Management  Loop  has 
completed  all  of  its  cycles,  the  projection  of  the  cur- 
rent plot  is  complete.  WRITER  is  again  called  to 
write  a  record  on  the  Standard  Output  File  to  in- 


dicate the  end  of  the  plot  projection.  This  also  signals 
the  end  of  the  Plot  Processor  Loop  and  control  re- 
turns to  READ  to  enter  the  next  plot  to  be  projected. 

When  all  the  plots  to  be  projected  are  complete,  a 
final  call  to  WRITER  is  made  to  print  the  format 
used  for  the  Standard  Output  File.  This  is  the  format 
to  be  followed  if  the  user  will  summarize  the  Stan- 
dard Output  File  tree  lists  with  his  own  summari- 
zation program. 

Throughout  the  program,  TGPS  provides  calls  to 
Subroutine  OUTUR.  This  subroutine  consists  only 
of  the  common  block  and  RETURN  statement.  Use 
of  OUTUR  is  optional  but  is  included  as  a  place  for 
inserting  user-written  code  to  do  summarization, 
output,  or  any  further  processing. 


TABL  Program 

Program  TABL  (fig.  3)  summarizes  the  standard 
output  file  produced  by  TGPS.  The  program  first  reads 
the  TABL  run  options,  system  specifications,  and  vol- 
ume equation  coefficients.  Then  the  Plot  Processor 
Loop  is  entered  and  the  plot  specific  information  is 
read  for  the  first  plot.  Next  a  tree  list  is  read,  and 
subroutine  SETIT  organizes  calls  to  subroutine  SU- 
MARY  to  compute  the  current  plot  conditions  and 
to  subroutine  TABLE  to  print  a  plot  summary.  The 
read-summarize-print  loop  is  repeated  until  all  in- 
formation is  printed  for  the  current  plot.  Then  the 
next  plot  on  the  standard  output  file  from  TGPS  is 
processed. 

When  all  plots  have  been  processed,  summaries 
of  all  plots  combined  may  be  printed.  The  types  of 
tables  printed  and  the  details  of  each  are  controlled 
by  TABL  run  options  (for  more  detail  on  the  sum- 
marization and  tabling  process  see  Belcher  1981). 


GROWTH  MODEL 
COMPONENTS 

The  STEMS  tree  growth  simulation  model  con- 
sists of  four  components:  (Da  function  that  estimates 
the  potential  annual  diameter  growth  of  an  individ- 
ual tree,  (2)  a  modifier  function  to  reduce  the  poten- 
tial growth  because  forest-grown  trees  may  be  com- 
peting for  limited  resources  and  therefore  not  reach 
their  potential  growth,  (3)  a  mortality  function,  and 
(4)  a  crown  ratio  function. 

Potential  Function 

Potential  diameter  growth  is  the  annual  diameter 
increment  for  a  tree  in  a  forest  stand  free  to  grow 
without  competition  from  its  neighbors. 

A  basic  premise  in  the  design  logic  of  this  forest 
growth  projection  system  is  that  the  growth  of  a  tree 
can  be  represented  by  a  multiplicative  combination 
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Call  SETUP  to  get  run  options, 
system  specifications,  and 
volume  coefficients. 


Call  READ  to  get  plot 
information  from  the  Standard 
Output  File. 


Call  READ  to  get  a  tree  list 

for  a  year  or  for  a  cycle 

from  the  Standard  Output  File. 


Call  SETIT  to  organize  calls 
to  SUMMARY  and  TABLE. 


Call  TABLE  to  produce  run 
summary  tables  for  all  plots 
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Call  LEGEND  to  print  a 
description  of  table  headings. 
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plots. 
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current  plot  conditions. 
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Figure  3. — Organization  of  TABL,  standard  summary  routine. 


)f  a  potential  growth  and  a  modifier  of  the  potential 
iue  to  competition.  These  two  parts  fit  together  as 
;hown  below: 

Annual  change  in  ["Potential  annual"! 
tree  diameter    =     d.b.h.  growth 


[Fraction  of  the  potential    "I 
growth  actually  occurring 


Following  is  the  potential  diameter  growth  func- 
tion used  in  STEMS  (Hahn  and  Leary  1979): 

Potential  annual  diameter  growth  rate  = 


(Hahn  et  al.  1979).  The  current  form  as  developed 
by  Holdaway2  and  used  in  STEMS  is: 


b,  +  b2D 

where: 
D 
SI 
CR 
b,-b5 


b3  +  b4  SI  CR  Db^ 


initial  tree  d.b.h.; 

plot  site  index; 

tree  crown  ratio  code; 

species  specific  regression  coefficients. 


Data  used  to  fit  this  model  came  from  two  successive 
measurements  made  on  51,149  dominant  and  codom- 
inant  trees  of  26  species  groups  throughout  Michi- 
gan, Minnesota,  and  Wisconsin  (Christensen  et  al. 
1979).  Variables  measured  for  each  tree  included  di- 
ameter, crown  ratio  code1  at  the  last  measurement, 
and  plot  site  index. 

Work  by  Carmean  (1979)  and  Carmean  and  Vas- 
levsky  (1971)  has  provided  a  means  for  predicting 
;he  site  index  for  each  species  group  from  the  plot 
site  index.  In  the  current  version  of  STEMS,  species 
site  index  rather  than  plot  site  index  is  used  in  the 
potential  function. 

A  graph  of  potential  growth  for  the  black  and  green 
ish  species  group  shows  that  a  tree  with  a  diameter 
»f  10  inches,  site  index  of  60,  and  crown  ratio  code 
of  3  would  have  a  potential  growth  of  about  0.15  inch 
Der  year  (fig.  4).  As  site  index  increases,  potential 
p"owth  increases.  However,  potential  growth  peaks 
between  15  and  20  inches  d.b.h.  regardless  of  site 
ndex. 

Modifier  Function 

The  modifier  function  in  the  original  version  of 
he  projection  system  used  a  stand  component  ap- 
proach (Leary  and  Holdaway  1979).  In  STEMS,  the 
unction  has  evolved  into  an  individual  tree  modifier 


xSee  the  section  on  crown  ratio  function  for  a  def- 
nition  of  the  crown  ratio  code. 


MODIFIER  =  1— e 


-B, 


|-BAmax-BAl 

L   BA   J 


where: 
IjAmax 

BA 

B0 

R 


AD 
f(R) 


g(AD) 


b^^h,,^,^ 


=  maximum  basal  area  per  acre 
expected  for  the  species; 

=  current  basal  area  per  acre; 

=  f(R)  •  g(AD); 

=  relative  d.b.h.  of  the  tree  (ratio 
of  the  tree's  d.b.h.  to  the  aver- 
age stand  diameter); 

=  average  stand  diameter; 

=  a  function  characterizing  the 
individual  tree's  relative  di- 
ameter effect  on  the  modifier 

f(R)  =  b,[l-eb2R]b3  +b4; 

=  a   function   characterizing  the 
average  stand  diameter  effect 
g(AD)  =  c^AD  +  l)c2;  and 

=  regression  coefficients. 


^Reported  in  unpublished  manuscript  by  Margaret 
Holdaway,  Mathematical  Statistician,  North  Central 
Forest  Experiment  Station,  St.  Paul,  Minnesota. 


Figure  4. — Potential  annual  diameter  growth  (in 
inches)  for  the  black  and  green  ash  species  group 
with  crown  ratio  code  -  3. 


Trees  on  less  dense  stands  keep  a  higher  percent- 
age of  their  potential  growth  than  those  on  dense 
stands  (fig.  5).  For  example:  a  10-inch  tree  on  a  stand 
with  average  diameter  of  8  inches  (relative  diameter 
=  10/8  =  1.25)  and  with  plot  basal  area  of  100  ft2/ 
acre  realizes  only  about  70  percent  of  its  estimated 
potential  growth. 

The  results  of  the  potential  and  modifier  functions 
can  be  combined  to  produce  a  realized  growth  func- 
tion (fig.  6).  Consider  a  green  ash  tree  with  a  10-inch 
diameter  and  crown  ratio  code  of  3,  growing  in  a 
stand  with  a  site  index  of  60,  average  diameter  of  8 
inches,  and  plot  basal  area  of  100  ft2/acre.  The  po- 
tential function  estimates  an  annual  growth  of  0.15 
inch,  but  the  modifier  estimates  that  only  70  percent 
of  that  growth  will  occur  so  the  realized  growth  for 
this  tree  is  0.10  inch. 

Mortality  Function 

The  process  of  natural  mortality  in  a  forest  stand 
is  simulated  by  applying  the  mortality  function  de- 
veloped by  Buchman  (1979).  This  function  predicts 
the  probability  of  death  of  an  individual  tree  during 
a  1-year  period  as  a  function  of  the  tree's  current 
d.b.h.  and  its  annual  growth  rate. 

The  form  of  the  equation  is: 


P  =  [l  +  e(b>  +  b2  DGRba  +  b4°)] 


«fcba  +  b4  D)]  ~  X  +  bs 

where: 

P  =  estimated  probability  of  a  tree  dying; 
b,  =  adjustment  for  diameter  effect  when 
DGR  is  zero; 
b2,  b3  =  adjust  probability  of  dying  based  on 

DGR; 
DGR  =  annual  diameter  growth  rate  in  inches; 
b4  =  adjustment  based  on  tree  size; 
D  =  diameter  at  breast  height  in  inches;  and 
b5  =  background  annual  death  rate. 

The  regression  coefficients — b1(  b2,  b3,  b4,  and  b5 — 
were  determined  separately  for  each  species  group. 

A  graph  of  the  mortality  function  for  black  and 
green  ash  shows  it  is  unlikely  that  a  tree  will  die  if 
its  growth  rate  is  greater  than  0.08  inch  per  year 
(fig.  7).  A  tree  with  a  growth  rate  of  0.10  inch  per 
year  has  less  than  a  1  percent  chance  of  dying. 

STEMS  provides  two  ways  to  assign  mortality  to 
individual  trees.  The  options  are  known  as  proba- 
bilistic and  deterministic  mortality  and  are  selected 
by  the  appropriate  TGPS  run  option.  The  difference 
between  the  two  options  is  the  way  the  mortality 
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Figure  5. — Growth  modifier  function  for  the  bla( 
and  green  ash  species  group  with  relative  diamet 
=  1.25. 

factor  is  applied.  For  probabilistic  mortality,  a  ra 
dom  number  is  drawn  from  a  uniform  distribute 
between  0  and  1.  If  the  probability  of  death  is  great 
than  this  random  number,  the  tree  and  all  the  tre 
that  it  represents  are  marked  as  dead.  For  dete 
ministic  mortality,  the  number  of  trees  per  acre  th 
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Figure  6. — Realized  annual  growth  for  the  black  a 
green  ash  species  group  for  trees  with  crown  ra 
code  of  3  in  a  stand  with  site  index  of  60  and  c 
erage  diameter  of  8  inches. 


Figure  7. — Annual  probability  of  mortality  for  the 
black  and  green  ash  species  group. 

this  tree  represents  is  reduced  by  the  proportion  pre- 
dicted by  the  mortality  function.  When  a  tree's  ex- 
pansion factor  is  reduced  to  1,  mortality  type  reverts 
to  probabilistic  so  that  a  tree  on  the  tree  list  will  not 
represent  less  than  one  tree  per  acre. 

Each  type  of  mortality  has  advantages  and  dis- 
advantages and  it  is  up  to  the  user  to  decide  the 
option  appropriate  to  his  situation.  For  large  num- 
bers of  plots  and  short  projections  (less  than  30  years), 
the  two  options  produce  the  same  results.  Probabi- 
listic mortality  is  more  computationally  efficient  than 
deterministic  but  for  long  projections  it  can  have 
undesirable  results.  A  plot  may  be  reduced  through 
mortality  or  cutting  to  two  or  three  entries  on  the 
tree  list  and  each  tree  on  the  list  represents  about 
one-half  or  one-third  of  the  basal  area  per  acre.  If 
[one  of  these  trees  dies,  the  plot  loses  a  large  portion 
pf  its  basal  area  at  once.  This  may  not  be  a  reasonable 
representation  of  natural  mortality.  The  determin- 
istic option  does  not  have  this  problem  because  it 
retains  the  tree  list  entries  for  a  much  longer  period. 
However,  more  computations  are  required  and  an- 
nual output  of  tree  lists  is  necessary  when  a  sum- 
mary of  growth  components  is  desired.  For  large 
numbers  of  plots  the  size  of  the  output  file  can  be- 
ome  critical.  The  probabilistic  option  produces  a 
shorter  output  file  for  the  same  components  of  growth 
summaries. 


Crown  Ratio  Function 

To  allow  the  model  to  respond  to  changes  in  stand 
density  and  to  allow  the  potential  function  to  be  used 
when  crown  ratio  was  not  measured,  a  crown  ratio 
code  function  has  been  developed  to  estimate  crown 
ratio  codes  according  to  stand  basal  area  and  indi- 
vidual tree  d.b.h.  The  code  1,  2,  ...,  9,  0  represents 
crown  ratios  of  from  1  to  10  percent,  11  to  20  percent, 
...,  81  to  90  percent,  and  91  to  100  percent,  respec- 
tively. Application  of  this  function  makes  crown  ratio 
a  dynamic  variable  within  the  simulation  program 
and  thus  increases  the  precision  of  projections.  The 
function  can  also  be  used  to  compute  an  initial  crown 
ratio  code  for  those  trees  for  which  crown  ratio  was 
not  measured. 

The  crown  ratio  code  function  used  in  the  original 
version  of  the  growth  projection  system  predicted 
mean  stand  crown  ratio  code  (Holdaway  et  al.  1979). 
Subsequent  development3  has  resulted  in  the  follow- 
ing individual  tree  crown  ratio  code  function  now 
used  in  STEMS  (fig.  8): 


CR 


1  +  b,  BA 


+  b. 


[l-e-b^D] 


+  CF 


where: 


CR 
BA 

D 
CF 


bi,  b2,  b3,  b4 


individual  tree  crown  ratio  code; 
10-year  running  average  stand 
basal  area  per  acre; 
current  tree  diameter  (d.b.h.); 
correction  factor  computed  as: 
initial  predicted  CR-initial 
observed  CR;  and 
species  specific  regression 
coefficients. 


The  model  was  calibrated  using  current  stand  basal 
area  for  the  BA  term  but  STEMS  uses  a  10-year 
running  average  stand  basal  area  for  this  term.  This 
usage  produces  a  desirable  lag  in  the  function's  re- 
sponse to  drastic  changes  such  as  thinnings. 


documentation  for  the  crown  ratio  code  function 
is  currently  being  prepared  by  Margaret  Holdaway, 
Mathematical  Statistician,  North  Central  Forest  Ex- 
periment Station,  St.  Paul,  Minnesota. 
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Figure  8. — Crown  ratio  code  for  the  jack  pine  species 
group. 


MANAGEMENT 
SUBSYSTEM 

The  projection  system  contains  a  set  of  generalized 
management  guides  and  marking  rules  (Brand  1979, 
1981b).  Including  management  guides  allows  sim- 
ulated tree  cutting  and  thereby  a  means  to  project 
managed  stands.  Three  operations  are  necessary  to 
simulate  timber  management:  assigning  a  manage- 
ment guide,  determining  the  appropriate  treatment 
according  to  that  guide,  and  removing  trees  to  carry 
out  the  selected  treatment. 

The  first  step  in  assigning  a  management  guide 
is  to  determine  the  plot  cover  type  by  examining  the 
basal  areas  of  trees  of  each  species  group.  To  do  this, 
various  combinations  of  species  group  basal  areas 
are  compared  to  determine  the  group  with  the  larg- 
est basal  area.  The  combination  with  the  largest  basal 
area  is  then  split  into  smaller  groups  that  are  then 
compared.  This  process  is  continued  until  a  single 
species  or  a  small  group  of  species  remains  to  rep- 
resent a  cover  type.  For  example,  red  pine  cover  type 
is  represented  by  red  pine  species,  but  northern  hard- 
wood cover  type  is  represented  by  any  combination 
of  sugar  maple,  basswood,  hemlock,  and  yellow  birch 
species.  The  user  specifies  the  management  guide  to 
be  used  for  each  cover  type  via  input  from  the  system 
parameters  and  specifications  file. 


When  the  management  guide  has  been  assignee 
the  plot  characteristics  are  used  to  select  the  apprc 
priate  silvicultural  treatment — clearcut,  thin,  d 
nothing,  etc.  Management  guides  recently  developei 
by  North  Central  Forest  Experiment  Station  scien 
tists  were  used  to  select  treatments  for  most  of  th 
cover  types  (Benzie  1977a,  1977b;  Johnston  1977a 
1977b;  Perala  1977;  Sander  1977;  Tubbs  1977).  Ad 
ditional  sources  were  used  for  other  types  and  ad 
ditional  clarification  (USDA  Forest  Service  1958,  ^'i 
1979). 4  When  plot  characteristics  are  compared  wit! 
the  management  guide,  a  recommended  treatmen 
is  produced.  Rotation  ages,  residual  basal  areas,  am 
the  other  characteristics  used  in  the  managemen 
guides  can  be  easily  modified  to  test  the  effect  o 
alternative  management  strategies. 

A  marking  rule  was  developed  for  each  recom 
mend  treatment  that  requires  trees  to  be  cut.  Thi 
marking  rule  produces  a  hierarchy  of  characteristic 
used  to  rank  the  trees  on  the  plot  in  order  of  increas 
ing  "value,"  which  is  determined  by  species,  diarr 
eter,  and  tree  quality.  The  least  "valuable"  trees  ar 
cut  first.  When  the  desired  residual  conditions  exisl 
no  more  trees  are  cut.  The  trees  designated  as  cu 
still  remain  on  the  tree  list  but  with  a  cut  tree  statu 
code.  A  marking  rule  can  be  easily  changed  to  ex 
amine  the  effect  of  not  removing  cull  trees,  favorin 
alternative  species,  or  favoring  different  size  classes 
Brand  (1979,  1981b)  describes  the  management  sut 
system  in  more  detail. 

REGENERATION 
SUBSYSTEM 

Regeneration  in  a  forest  growth  simulator  is  th 
process  of  adding  new  trees  to  the  system.  This  proc 
ess  can  be  divided  into  three  categories  for  modelin 
purposes.  The  first  category  includes  the  small  nun 
ber  of  new  trees  that  will  become  established  eac 
year  in  almost  every  stand.  These  new  trees  wi. 
differ  as  to  species  and  most  of  them  will  die  durin 
the  first  few  years  of  their  lives.  Depending  on  th 
characteristics  of  the  stand  they  enter,  however,  som 
may  survive  and  become  "permanent"  component 
of  the  stand.  The  second  category,  "partial"  reger 
eration,  represents  the  new  trees  that  normally  er 
ter  a  stand  to  fill  spaces  left  by  thinnings,  heav 


^Personal  communication  with  John  Benzie,  Rich 
ard  Godman,  William  Johnston,  and  Donald  Perah 
all  scientists  with  the  North  Central  Forest  Exper, 
ment  Station. 


mortality,  or  other  occurrences  that  leave  moder- 
ately sized  holes  in  the  existing  stand.  The  third 
category,  "initial"  regeneration,  represents  the  to- 
tally new  stand  that  must  be  generated  when  the 
existing  stand  has  been  completely  removed  through 
clearcut  or  equivalent  management  action.  This  con- 
dition is  common  for  forest  types  under  even-aged 
management  such  as  red  pine  and  jack  pine  but  is 
uncommon  for  forest  types  under  uneven-aged  man- 
agement such  as  northern  hardwoods. 

We  do  not  now  have  the  data  on  which  to  base  a 
function  to  model  either  the  first  or  second  category 
of  regeneration.  However,  we  have  developed  a  model 
for  "initial"  regeneration.  Simulation  of  "initial"  re- 
generation consists  of  two  steps.  The  first  step  is  to 
determine  the  characteristics  of  the  new  stand — spe- 
cies groups  present,  number  of  trees,  average  di- 
ameter, etc.  The  second  step  is  to  generate  a  diameter 
distribution  for  the  new  trees.  Only  these  two  steps 
are  discussed  here. 

Characteristics  of  the  new  stand  are  based  on  both 
previous  stand's  characteristics  and  the  type  of  man- 
agement used  to  remove  the  previous  stand.  Decision 
trees  have  been  developed5  for  most  of  the  major 
cover  types  that  lead  from  the  previous  stand  char- 
acteristics to  those  of  the  new  stand.  As  an  example, 
when  a  paper  birch  stand  on  a  dry  site  is  clearcut, 
the  recommended  regeneration  technique  is  to  pre- 
pare the  site  and  plant  900  jack  pine  trees  per  acre 
Ifig.  9).  The  resulting  stand  will  have  an  average 
diameter  of  1.5  inches  when  it  enters  the  projection 
system  and  release  will  probably  be  required.  If  the 
previous  stand  had  not  been  dry  or  if  a  shelterwood 
removal  had  been  done  rather  than  a  clearcut,  the 
new  stand  would  have  different  characteristics. 

When  the  new  plot  characteristics  have  been  de- 
termined, a  diameter  distribution  must  be  generated 
for  the  new  trees.  STEMS  arbitrarily  assumes  a  nor- 
mal distribution  of  diameters  about  the  average  stand 
diameter.  The  normal  distribution  is  probably  not 
;he  best  one  for  modeling  a  regenerated  stand  and 
we  are  currently  trying  to  develop  a  more  realistic 
method  for  generating  the  new  diameters.  However, 
jve  will  use  the  normal  distribution  until  this  work 
ils  complete. 

1  Currently  STEMS  assumes  that  any  regenerated 
Stand  will  enter  the  projection  system  15  years  after 
he  previous  stand  is  removed.  In  future  versions  of 
STEMS  this  number  will  be  set  in  the  decision  trees. 


TYPE 

MGMT 
clearcut 

MOISTURE 

hydric  to 

STAND  CHARACTERISTICS 

plant 

red  pine 

xeromesrc 
xeric 

800  trees/acre 
1.5  average  diameter 
site  prep?  —  yes 
release?  —  yes 

shelterwood 

plant 
jack  pine 
900  trees/acre 

paper  birch 

1.5  average  diameter 
site  prep?  —  yes 

release?  —  yes 

natural 
paper  birch 
1,000  Irees/acre 

1.5  average  diameter 
site  prep?  —  yes 
release?  —  no 

5Nancy  Walters  and  Gary  Brand  of  North  Central 
^orest  Experiment  Station. 


Figure  9. — Decision  tree  for  regenerating  a  stand  that 
was  previously  paper  birch. 


The  user  can  easily  change  any  of  the  values  asso- 
ciated with  the  regeneration  subsystem  by  modify- 
ing the  system  parameters  and  specifications  data 
file  (Belcher  1981). 


TESTING  STEMS 

As  each  component  of  the  system  was  developed, 
we  tested  it  against  the  data  used  in  development 
and  against  an  independent  data  set  using  the  usual 
indices  of  goodness  of  fit  (R2,  distribution  of  residuals, 
and  standard  errors  of  estimates).  Then,  to  deter- 
mine how  the  system  worked  as  a  whole  we  subjected 
it  to  a  second  set  of  tests.  First,  the  system  was  tested 
on  the  data  used  to  develop  the  components  to  see  if 
it  could  reasonably  simulate  the  conditions  used  to 
develop  it.  Results  from  these  tests  do  not  appear 
here.  Next,  the  system  was  tested  on  data  not  used 
in  model  calibration.  Tables  1-3  were  produced  using 
this  independent  data  set.  The  statistic  used  in  this 
and  further  system  tests  was  the  ratio  of  predicted 
to  observed  means.  The  tests  presented  here  follow 
the  procedure  outlined  by  Leary  et  al.  (1979). 


Table  1. — Ratio  of  predicted  mean  to  observed  mean1  for  average  diameter,  number  of  trees,  and  basal  area 

by  forest  type  for  the  Cloquet  Experimental  Forest 


Plots 

Years  after  initial  measurement 

Forest  type 

5 

10 

17 

5 

10 

17 

5 

10 

17 

Number 

Average  plot  diameter 

1 

\lumber  of  trees 

Basal  area 

Jack  pine 

79 

1.00 

1.00 

1.00 

1.00 

1.01 

1.04 

1.00 

1.01 

1.04 

Red  pine 

49 

1.00 

1.00 

.99 

1.00 

.99 

1.01 

1.00 

1.00 

1.00 

White  pine 

6 

.99 

.97 

.96 

1.05 

1.12 

1.16 

1.03 

1.06 

1.06 

White  spruce 

4 

.99 

1.03 

.98 

1.01 

1.13 

1.09 

1.04 

1.24 

1.12 

Balsam  fir 

23 

1.02 

1.03 

1.06 

1.04 

1.09 

1.19 

1.09 

1.18 

1.31 

Black  spruce 

29 

1.02 

1.03 

1.06 

1.05 

1.08 

1.16 

1.07 

1.13 

1.29 

Tamarack 

19 

1.01 

1.02 

1.03 

.97 

.92 

.87 

1.00 

1.01 

1.06 

N.  white-cedar 

14 

1.01 

1.03 

1.05 

1.03 

1.04 

1.10 

1.06 

1.12 

1.23 

Lowland  hdwds 

3 

1.00 

1.02 

1.01 

1.07 

1.06 

1.28 

1.08 

1.11 

1.32 

Aspen 

30 

1.01 

1.02 

1.04 

1.01 

1.03 

1.07 

1.05 

1.10 

1.19 

Paper  birch 

36 

1.00 

1.02 

1.03 

1.02 

1. 02 

1.03 

1.04 

1.05 

1.09 

ALL 

292 

1.00 

1.01 

1.02 

1.02 

1.02 

1.06 

1.03 

1.05 

1.09 

'Calculated  as:  „u „r 

I  mean  stand  attribute  for  the  type 

observed  mean  stand  attribute  for  the  type. 


STEMS  was  tested6  on  data  from  five  areas  within 
the  Lake  States  (fig.  10): 

(1)  Cloquet  Experimental  Forest  of  the  College  of 
Forestry7,  University  of  Minnesota; 


(2)  Chequamegon  National  Forest,  Wisconsin; 

(3)  Nicolet  National  Forest,  Wisconsin; 

(4)  Hiawatha  National  Forest,  Michigan;  and 

(5)  Manistee  National  Forest,  Michigan. 


6Most  of  the  work  done  on  testing  the  STEMS  pro- 
gram was  done  by  Gary  Brand  and  Margaret  Hold- 
away  with  assistance  from  Stephen  Shifley  and  Jer- 
old  Hahn,  all  of  the  North  Central  Forest  Experiment 
Station,  St.  Paul,  Minnesota. 


7Dietmar  Rose  and  the  staff  of  the  Cloquet  Forestry 
Center  made  the  past  measurement  data  available 
and  assisted  in  the  1976  measurements. 


Table  2. — Summary  of  the  ratio  of  predicted  mean  basal  area  to  observed  mean  basal  area  by  forest  type  for 
the  measurement  closest  to  10  years  for  each  of  the  five  forest  areas  (The  number  of  plots  appear  in 
parenthesis) 


Forest 

Cloquet 

Chequamegon 

Nicolet 

Hiawatha 

Manistee 

type 

(10  yrs) 

(11  yrs) 

(11  yrs) 

(9  yrs) 

(11  yrs) 

ALL 

Jack  pine 

1.01 

(79! 

i            1.08 

(?) 

1.08    ( 

6: 

i          1.08 

(20) 

1.05 

i15; 

I          1.03(127) 

Red  pine 

1.00 

(49! 

i            1.06 

6 

.93     l 

4: 

i            .92 

(11) 

1.01 

(15! 

I            .99  ( 

85) 

White  pine 

1.06 

(6: 

i            1.00 

2 

.93     I 

2] 

i          1.00 

(3 

1.01  ( 

13) 

White  spruce 

1.24 

(4 

i              .78 

(1) 

.99     l 

4] 

i            .93 

1 

1.07  ( 

TO 

Balsam  fir 

1.18 

(23^ 

i            1.06 

(14 

1.08     I 

8] 

i          1.39 

6 

1.15  ( 

51) 

Black  spruce 

1.13 

(29! 

i              .93 

(2 

1.62     I 

3] 

i          1.12 

(6) 

1.16  ( 

40 

Tamarack 

1.01 

(191 

i            1.02 

2 

.77     I 

2] 

.98  ( 

23 

N.  white-cedar 

1.12 

(14! 

i            1.07 

(8) 

1.05    ( 

9: 

i          1.06 

(14) 

1.37 

(2; 

I          1.08  ( 

47 

Hemlock 

.93     I 

4: 

i            .96 

(3 

.95     (7) 

Lowland  hdwds 

1.11 

(3! 

i            1.31 

(5) 

1.09    I 

2 

i            .92 

<1 

1.47 

(19; 

I          1.34  (30 

Northern  hdwds 

1.05 

(40) 

1.01   (4 

9: 

i            .99 

(28) 

1.21 

(is; 

i          1.04(135 

White  oak 

.98 

(15; 

I            .98  (15 

Northern  red  oak 

1.10 

(4) 

1.30    (1) 

i          1.03 

(2) 

1.15 

(8! 

i          1.13    15 

Oak-pine 
Oak-hickory 

.78 

(1) 

1.00 

(9) 

i            .47    10 

.40 

(1) 

.82 

(34 

i            .82  (35 

Aspen 

1.10 

(30! 

i            1.07 

(23 

.98  (42) 

i          1.02 

(14) 

1.24 

(12 

i          1.05(121 

Paper  birch 

1. 05 

(36! 

i              .99 

(8) 

.99     (9) 

1.22 

(4) 

1.10 

(1 

i          1.05  (58) 

ALL 

1.05(292; 

i            1.06(123) 

1.01(145) 

1.03(114) 

1.09(148) 

1.05(822) 
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Fable  3. — Summary  of  the  mean  of  the  plot  ratios 
of  predicted  average  diameter  to  observed 
average  diameter  by  forest  type  for  the  Cloquet 
Experimental  Forest 


Yea 

s  after  initial 

Plots 

measurement 

:oresttype 

5 

10 

17 

Number 

ack  pine 

79 

1.00 

1.00 

.99 

ted  pine 

49 

.99 

1.00 

.99 

A/hitepine 

6 

.99 

.97 

.97 

A/hite  spruce 

4 

.99 

1.03 

.98 

3alsamfir 

23 

1.02 

1.04 

1.06 

ilack  spruce 

29 

1.02 

1.03 

1.06 

amarack 

19 

1.01 

1.03 

1.05 

J.  white-cedar 

14 

1.01 

1.03 

1.05 

.owland  hdwds 

3 

1.00 

1.02 

1.01 

^spen 

30 

1.02 

1.03 

1.05 

'aper  birch 
iLL 

36 

1.01 

1.02 

1.04 

292 

1.01 

1.01 

1.02 

Ratios  were  computed  for  plot  average  diameter, 
number  of  trees,  and  basal  area  to  give  a  represent- 
ative picture  of  system  performance.  In  general,  the 
whole  system  accurately  predicted  diameters  but  ov- 
erpredicted  basal  areas  per  acre  over  periods  ranging 
from  5  to  17  years. 

As  the  number  of  plots  increases  and  the  number 
of  years  of  projection  decreases,  the  ratio  of  predicted 
to  observed  mean  moves  closer  to  one  (table  1).  For 
example:  on  the  Cloquet  Forest  there  were  49  plots 
of  the  red  pine  forest  type  and  6  plots  of  the  white 
pine  forest  type.  After  17  years  of  projection  the  ratio 
of  predicted  to  observed  mean  average  diameter  was 
0.99  for  red  pine — a  1  percent  underestimate — but 
was  0.96  for  white  pine — a  4  percent  underestimate. 

A  comparison  of  the  ratio  of  mean  stand  basal 
areas  by  location  indicates  the  variability  between 
locations  (table  2).  For  example,  the  predicted  mean 
stand  basal  areas  for  the  14  aspen  plots  on  the  Hia- 
watha Forest  show  an  overprediction  of  only  2  per- 
cent. In  contrast,  the  12  aspen  plots  on  the  Manistee 
Forest  show  a  24  percent  overprediction. 


Figure  10. — Location  of  areas  where  data  were  collected  to  validate  the 
model. 
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Tables  1  and  2  show  ratios  of  mean  stand  char- 
acteristics, i.e.: 


-    N     predicted  value, 


i  =  l 


ratio  = 


-    N     observed  value, 
i  =  l 


where  n  is  the  number  of  plots  on  which  the  mean 
is  based.  Table  3,  however,  presents  the  mean  of  ra- 
tios of  a  stand  characteristic,  i.e.: 


1 

mean  =    - 

n 


i  =  l 


predicted  value, 
observed  value, 


This  later  statistic  allows  computation  of  disper- 
sion measures  such  as  variance  of  the  plot  ratios 
about  the  mean  of  plot  ratios.  The  mean  of  ratios  of 
predicted  to  observed  stand  average  diameter  by  for- 
est type  can  also  be  graphed  over  time  (fig.  11).  Ap- 
proximately 68  percent  of  the  stand  average  diam- 
eter ratios  are  expected  to  fall  within  +  1  and  - 1 
standard  deviation  from  the  mean. 

Another  method  of  presenting  dispersion  of  a 
characteristic  being  tested  is  to  plot  its  cumulative 
frequency  of  errors.8  A  graph  of  this  type  for  the  four 
National  Forests  shows  that  basal  area  for  16  percent 
of  the  plots  on  these  four  forests  was  underpredicted 
by  more  than  10  ft2  and  for  23  percent  of  the  plots 
was  overpredicted  by  more  than  10  ft2  for  a  period 
of  about  10  years  (fig.  12).  For  the  remainder  of  the 
plots,  61  percent,  predicted  basal  area  was  within  10 
ft2  of  the  observed  basal  area. 

The  validation  results  presented  in  this  discussion 
represent  only  a  few  of  the  tests  that  can  be  and  are 
being  done9  to  validate  the  model. 

EXAMPLE  USING  STEMS 

We  will  now  present  an  example  of  how  STEMS 
can  be  used.  For  this  example,  two  30-year  projec- 
tions have  been  made  of  sample  plots  representing 


*This  approach  was  suggested  by  Steven  Shifley, 
North  Central  Forest  Experiment  Station. 

9Gary  Brand  and  Margaret  Holdaway,  North  Cen- 
tral Forest  Experiment  Station,  are  currently  per- 
forming a  comprehensive  validation  scheme  for  the 
projection  system. 


the  Nicolet  National  Forest.  One  projection  is  made 
with  management  applied  (full  silvicultural  pre- 
scription with  timber  harvesting)  and  the  other  is 
made  with  no  management  (no  timber  harvesting). 
No  constraints  will  be  placed  on  when  the  forest  can 
be  managed.  That  is,  should  the  STEMS  manage- 
ment guides  call  for  all  plots  to  be  harvested  in  the 
same  year,  that  will  be  done.  This  will  allow  us  to 
compare  between  two  management  extremes. 

The  plots  providing  the  data  were  last  measured 
in  1975.  To  begin  the  30-year  projections  with  more 
current  conditions,  the  1975  survey  has  been  up- 
dated to  1979,  the  last  year  for  which  actual  remov- 
als were  known.  The  updating  procedure  involves 
beginning  with  the  1975  survey  and  estimating 
growth  and  mortality  with  the  projection  system  while 
selecting  trees  to  cut  to  approximate  the  observed 
volume  removed  from  the  forest  (Smith  and  Raile 
1979). 

The  following  plot  and  tree  variables  were  read 
from  a  forest  survey  file  to  produce  an  initial  tree 
list: 


Plot  data 

Property  number 
Plot  number 
Site  index 


Tree  data 

Species 

D.b.h. 

Crown  ratio 

Tree  class  (desirable, 
acceptable,  rough,  rotten)   Stand  age 

Number  of  trees/acre  Cover  type 

represented  by  the  sample   Acreage  represented  by  plot 
tree  Measurement  year 

All  variables  are  required  by  the  projection  systerr 
except  property  number,  plot  number,  cover  type 
and  plot  acreage. 

All  volumes  used  in  this  example  were  computec 
from  individual  tree  characteristics  using  equations 
and  coefficients  developed  for  northeast  Minnesota 
(Raile  1981).  These  equations  were  chosen  insteac 
of  the  local  volume  equations  available  for  Wisconsir 
(the  Nicolet  National  Forest  is  in  Wisconsin)  because 
the  Minnesota  equations  contain  a  site  index  tern 
and  the  Wisconsin  equations  do  not.  We  believe  in-i 
eluding  the  site  index  term  will  make  the  computec 
volumes  more  accurate  even  though  the  equations 
were  developed  for  a  different  geographical  region. 

Many  types  of  summaries  and  displays  can  be  de- 
veloped from  the  tree  lists  produced  by  STEMS.  Foi 
this  example,  we  will  present  information  on  acreage 
and  volume  of  growing  stock,  cut  and  mortality  vol- 
umes, trends  in  species  composition,  and  size  distri- 
bution. 
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figure  11. — fattern  of  mean  and  standard  deviation  of  plot  ratios  of  predicted  to  observed 
average  diameter  by  forest  types  on  the  Cloquet  Experimental  Forest,  Minnesota.  Standard 
deviations  are  shown  by  the  outer  lines.  Number  of  plots  shown  in  parentheses. 


Acreage  and  volume  of  growing  stock  for  1979 
hrough  2009  are  presented  for  the  Nicolet  National 
orest  with  management  applied  and  with  no  man- 
gement  (tables  4  and  5).  The  distribution  of  area 
hanges  because  STEMS  reclassifies  the  cover  type 
f  stands  that  have  sufficient  change  in  species  com- 
osition.  Species  composition  can  change  by  loss  of 
rees  due  to  mortality,  cutting,  and  by  regeneration 
f  stands  to  different  species  groups. 


The  overall  growth  rate  for  the  30-year  period  is 
less  when  the  management  guides  are  applied  than 
when  management  is  not  used  (fig.  13).  This  is  be- 
cause the  management  guides  select  for  value  of  the 
forest  rather  than  for  volume.  Thus,  the  more  val- 
uable species,  such  as  red  pine,  are  preferred  over 
the  faster  growing  species,  such  as  aspen. 
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Figure  12. — Cumulative  frequency  of  errors  in  pre- 
dicting basal  area  for  four  National  Forests.  The 
measurement  interval  was  approximately  10  years. 


The  STEMS  management  guides  recommended 
that  343.1  million  cubic  feet  of  growing  stock  trees 
be  cut  during  the  30-year  projection  period  (table  6). 
Because  low  value  and  poorly  growing  trees  would 


1,400 


Ul 

IS 

O      1'200 

5 
o 

O      1,000 


-J 

o 

o 
o 

<0 
O 

i 

o 


800 


600  - 


400 


MANAGED  (CUMULATIVE) 


NOT  MANAGED 


MANAGED  (ACTUAL) 


200 
1970 


_L 


1980 


1990 
YEAR 


2000 


2010 


Figure  13. — Volume  of  growing  stock  for  Nicolet  Na- 
tional Forest,  1979-2009,  for  all  trees  with  and 
without  management. 


Table  4. — Summary  of  acreage  and  volume/acre  of  growing  stock  on  the  Nicolet  National  Forest  with 

management  applied  (timber  harvesting) 


Updated  to  1979 

Projected  to 

1989 

1999 

2009 

Merchantable 

Merchantable 

Merchantable 

Merchantable 

Cover  type 

Acres 

volume 

Acres 

volume 

Acres 

volume 

Acres 

volume 

Thousand 

Cu  ft/ac 

Thousand 

Cu  ft/ac 

Thousand 

Cu  ft/ac 

Thousand 

Cu  ft/ac 

Jack  pine 

3.4 

1,265 

3.4 

1,682 

3.4 

2,125 

3.4 

1,892 

Red  pine 

56.2 

1,992 

56.2 

2,897 

95.3 

2,328 

99.2 

2,418 

White  pine 

4.9 

1,784 

4.9 

2,416 

4.9 

3,012 

6.4 

2,760 

Hemlock 

21.7 

2,310 

21.7 

2,070 

21.7 

2,302 

21.7 

2,518 

Balsam  fir 

43.7 

1,207 

38.5 

1,154 

32.7 

1,020 

26.7 

1,354 

Black  spruce 

8.1 

1,213 

8.1 

1,159 

8.1 

358 

8.1 

277 

N.  white-cedar 

31.4 

1,417 

35.1 

1,401 

35.1 

1,615 

37.1 

1,852 

Tamarack 

9.9 

1,154 

9.9 

871 

9.9 

976 

9.9 

1,262 

White  spruce 

12.5 

1,484 

16.5 

1,900 

18.0 

1,773 

20.5 

1,919 

N.  red  oak 

6.9 

678 

6.9 

587 

6.9 

902 

6.9 

1,356 

B.  ash-elm-maple 

5.0 

437 

5.0 

531 

5.0 

846 

4.6 

936 

Maple-beech-birch 

213.6 

1,626 

212.8 

1,613 

217.1 

1,728 

217.5 

1,732 

Aspen 

93.4 

933 

97.2 

272 

55.0 

579 

46.9 

816 

Paper  birch 

16.3 

1,700 

13.8 

1,567 

13.8 

2,016 

17.0 

2,283 

Other  hardwood 

0.4 

335 

0.4 

491 

0.4 

441 

0 

0 

Noncommercial 

3.0 

590 

0 

0 

3.1 

349 

4.6 

911 

Nonstocked 

16.1 
546.6 

0 

16.1 
546.6 

0 

16.1 
546.6 

0 

16.1 
546.6 

0 

1,432 

1,403 

1,600 

1,736 
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Table  5. — Summary  of  acreage  and  volume/acre  of  growing  stock  on  the  Nicolet  National  Forest  with  no 

management  applied  (no  timber  harvesting) 


Updated  to  1979 

Projected  to 

1989 

1999 

2009 

Merchantable 

merchantable 

Merchantable 

Merchantable 

Cover  type 

Acres 

volume 

Acres 

volume 

Acres 

volume 

Acres 

volume 

Thousand 

Cu  ft/ac 

Thousand 

Cu  ft/ac 

Thousand 

Cu  ft/ac 

Thousand 

Cu  ft/ac 

Jack  pine 

3.4 

1,265 

3.4 

1,619 

3.4 

1,948 

3.4 

2,355 

Red  pine 

56.2 

1,992 

56.2 

2,991 

56.2 

3,936 

56.2 

4,692 

White  pine 

4.9 

1,784 

6.4 

2,262 

6.4 

2,863 

6.4 

3,373 

Hemlock 

21.7 

2,310 

21.7 

2,335 

17.4 

2,815 

17.4 

3,076 

Balsam  fir 

43.7 

1,207 

32.8 

1,324 

32.3 

1,880 

22.7 

2,525 

Black  spruce 

8.1 

1,213 

8.1 

1,082 

8.1 

1,505 

8.1 

1,927 

N.  white-cedar 

31.4 

1,417 

31.4 

1,569 

36.3 

1,896 

41.5 

2,094 

Tamarack 

9.9 

1,154 

9.9 

918 

9.9 

964 

10.0 

1,072 

White  spruce 

12.5 

1,484 

26.5 

1,663 

23.9 

1,977 

25.4 

2,268 

N.  red  oak 

6.9 

678 

6.9 

944 

6.9 

1,305 

6.9 

1,717 

B.  ash-elm-maple 

5.0 

437 

6.4 

576 

7.9 

839 

7.5 

1,124 

Maple-beech-birch 

213.6 

1,626 

234.9 

1,679 

241.6 

2,119 

243.7 

2,402 

Aspen 

93.4 

933 

59.6 

774 

54.0 

1,164 

54.2 

1,545 

Paper  birch 

16.3 

1,700 

16.3 

1,813 

16.3 

2,250 

16.3 

2,699 

Other  hardwood 

0.4 

335 

5.4 

1,160 

5.4 

1,327 

5.4 

1,686 

Noncommercial 

3.0 

590 

4.4 

625 

4.4 

848 

5.4 

753 

Nonstocked 

16.1 
546.6 

0 

16.1 
546.6 

0 

16.1 
546.6 

0 

16.1 
546.6 

0 

1,432 

1,615 

2,070 

2,418 

be  cut,  the  estimate  for  mortality  volume  in  the  man- 
aged projection  is  approximately  half  of  the  estimate 
for  mortality  volume  in  the  unmanaged  projection. 
Foresters  from  the  Nicolet  National  Forest  indicated 
that  these  mortality  estimates  were  reasonable  and 
well  within  their  expectations. 

Comparing  the  trends  in  species  composition  for 
the  30-year  projection  with  management  and  with- 
out management  can  indicate  the  effects  of  man- 
agement on  the  forest  (figs.  14  and  15).  When  man- 
agement is  applied  according  to  the  guides  within 
STEMS,  hard  maple  decreases  from  18  to  17  percent 
of  the  forest's  volume.  When  the  forest  is  allowed  to 
grow  with  no  manmade  alterations,  hard  maple  in- 
creases to  24  percent  of  the  forest's  volume  by  the 
year  2009.  Quaking  aspen  drops  from  10  to  6  percent 
with  management  but  only  drops  to  9  percent  with- 
out management. 


Size  distribution  of  all  the  trees  on  the  Nicolet 
National  Forest  combined  (regardless  of  species)  at 
the  beginning  and  end  of  the  projection  period  is 
different  with  management  and  without  manage- 
ment (fig.  16).  With  management  applied,  the  8-  and 
12-inch  diameter  classes  show  almost  no  change  dur- 
ing the  projection  period.  This  indicates  that  the 
number  of  trees  lost  to  cutting  and  mortality  in  these 
classes  is  approximately  equal  to  the  growth  into 
these  classes. 

The  managed  projection  shows  more  live  trees  less 
than  6  inches  in  diameter  in  2009  than  the  unman- 
aged projection.  This  is  mostly  due  to  the  way  re- 
generation is  handled  in  STEMS.  New  trees  enter 
the  system  only  after  a  clearcut  or  when  all  the  trees 
on  a  plot  die.  These  conditions  can  occur  for  managed 
stands  but  not  for  unmanaged  stands  so  the  small 
tree  component  for  managed  stands  is  greater. 


Table  6. — Summary  of  inventory  cut  and  mortality  volumes  of  growing  stock  trees  for  the  Nicolet  National 

Forest  (1979-2009) 
(In  million  cubic  feet) 


Managed 

Unmanaged 

Period 

Initial 

Growth 

Cut 

Dead 

Final 

Initial 

Growth 

Dead 

Final 

1979-1989 
1989-1999 
1999-2009 

616.6 
766.6 
874.8 

284.9 
270.2 
248.0 

96.4 
117.1 
129.6 

38.5 
44.8 
44.2 

766.6 
874.8 
949.0 

616.6 

882.8 

1,131.6 

320.3 
326.3 
297.9 

54.1 

77.4 

108.1 

882.8 
1,131.6 
1,321.4 

ALL 

616.6 

803.1 

343.1 

127.5 

949.0 

616.6 

944.5 

239.6 

1,321.4 
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Figure  14. — Trends  in  species  composition  during 
the  30 -year  projection  period  for  the  Nicolet  Na- 
tional Forest  when  timber  management  is  applied. 
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For  diameters  greater  than  6  inches,  the  unman- 
aged  projection  shows  more  trees  in  each  size  class 
for  2009.  This  is  because  thinning  removes  trees  of 
these  sizes.  In  unmanaged  stands,  trees  are  left  to 
grow  with  only  mortality  to  remove  them.  The  greater 
number  of  large  diameter  trees  for  the  unmanaged 
condition  again  points  out  that  the  Lake  States  man- 
agement guides  used  in  STEMS  managed  for  value 
rather  than  tree  size.10 

CONCLUSION 

The  Stand  and  Tree  Evaluation  and  Modeling  Sys- 
tem (STEMS)  is  an  individual-tree,  distance-inde- 
pendent growth  simulation  model  developed  for  Lake 
States  forest  conditions.  It  uses  nonlinear  regression 
equations  to  project  potential  tree  diameter  growth, 
modify  that  growth  for  competition  effects,  and  com- 
pute probability  of  mortality  and  crown-ratio  code 


l0Personel  communication  with  Allen  Lundgren, 
North  Central  Forest  Experiment  Station,  September, 
1980. 


Figure  15.  —  Trends  in  species  composition  during 
the  30-year  projection  period  for  the  Nicolet  Na- 
tional Forest  when  no  timber  management  is  apM 
plied. 
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Figure  16. — Initial  and  projected  size  distribution  of 
trees,  with  and  without  management. 
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on  a  tree-by-tree  basis.  Management  and  regener- 
ation subsystems  are  provided  to  simulate  harvest 
and  regeneration  of  a  stand.  STEMS  can  be  used  to 
grow  single  stands  or  large  areas  such  as  National 
Forests. 
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A  net  merchantable  tree  volume  equation  and  coef- 
ficients were  developed  for  the  Upper  and  Lower  Pen- 
insulas as  part  of  the  1981  Michigan  Forest  Inven- 
tory (fig.  1).  The  equation  is  suitable  for  use  on  digital 
computers  by  foresters,  land  managers,  researchers, 
and  others  in  need  of  net  volume-per-tree  estimates 
over  large  forest  areas.  Both  board-foot  and  cubic- 
foot  volume  can  be  estimated  for  most  tree  classes. 


EASTERN 
UPPER  MICHIGAN 


Figure  1. — Michigan's  forest  survey  units. 


HOW  THE  EQUATION  AND 

COEFFICIENTS  WERE 

DEVELOPED 

Equations  developed  by  Robert  N.  Stone  (see  A\ 
pendix)  based  on  Gevorkiantz  and  Olsen's  ( 1955 
composite  volume  tables  for  the  Lake  States  we 
used  to  estimate  the  cubic-foot  volume  in  each  tr< 
Stone's  equations  compute  gross  volume  in  a  tr 
from  three  measurements:  diameter  breast  heig 
(d.b.h.),  merchantable  height,  and  top  diameter  oi 
side  bark  (t.d.o.b.).  This  estimated  volume  was  th 
corrected  for  differences  in  bark  thickness  betwe^ 
species  and  the  field  estimate  of  cull  volume  w 
subtracted  to  arrive  at  net  volume. 

Experience  in  working  with  volume-d.b.h.  re 
tions  suggests  the  following  equation  for  this  ty 
of  data: 

V  =  A-SP  (l-e-CDBH)D 


where  the  dependent  variable  V  is  net  volume  oft 
tree,  and  the  independent  variables  SI  and  DBH  i 
tree  site  index  and  diameter  at  breast  height, 
spectively.  The  value  of  e  is  the  constant  base  of  t 
natural  logarithm  (2.71828).  A,  B,  C,  and  D  are  t 
equation  coefficients.  The  upper  asympote,  A-SIB. 
a  function  of  site  index.  A  general  form  of  this  fui 
tion  can  be  seen  graphically  in  figure  2. 

The  equation  coefficients  were  developed  using  fi 
data  collected  on  12,361  trees  in  the  Upper  Peninsi 
and  9,780  trees  in  the  Lower.  Data  included  d.b 
merchantable  height,  t.d.o.b.,  site  index,  and  t: 
class.  For  sawtimber-size  trees,  measurements  w< 
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igure  2. — Net  board  foot  volume  (International  'fa- 
inch  rule)  of  desirable  and  acceptable  basswood 
trees  by  d.b.h.  and  selected  site  index  levels. 


iken  at  both  the  sawtimber  and  poletimber  limits 
merchantability.1  Field  crews  also  estimated  the 
)lume  of  board  foot  and  cubic  foot  cull  in  each  tree 
JSDA  Forest  Service  1975). 


Because  the  average  site  index  may  be  used  when 
site  index  is  unknown,  the  only  other  data  needed 
to  determine  tree  volumes  using  this  model  are  spe- 
cies, d.b.h.,  and  tree  class.  Net  volume  per  tree  is 
highly  variable,  so  these  equations  should  be  applied 
to  an  adequate  sample  over  a  large  forest  area. 

HOW  TO  USE  THE 
EQUATION 

1.  Select  the  appropriate  species  group  and  coef- 
ficients from  tables  1-14. 

2.  Substitute  these  coefficients  in  the  above  equa- 
tion. 

3.  Solve  the  equation  to  obtain  net  volume. 

For  example,  to  compute  the  board  foot  volume  of 
a  15-inch  acceptable  basswood  tree  with  a  site  index 
of  60  in  the  Lower  Peninsula,  we  would  first  obtain 
the  coefficients  for  basswood  from  table  11.  Substi- 
tuting into  the  general  net  volume  equation: 


Equation  coefficients  were  developed  for  each  of 
iree  tree  class  categories:  "desirable  and  accepta- 
e,"  "rough  and  short-log,"  and  "rotten"  (see  Ap- 
mdix  for  definitions).  Equation  coefficients  were 
so  developed  for  board-foot  and  cubic-foot  volumes, 
he  groupings  of  species  for  the  equations  were  de- 
irmined  primarily  by  the  number  of  observations 
fld  the  similarity  of  bole  form  among  species.  Spe- 
es  for  which  no  observations  were  available  were 
isigned  equations  on  the  basis  of  bole  form.  (For 
ecies  and  species  groups,  see  Appendix). 


V  =  A-SIB(l-e  -C-DBH)  d 

(.17993)        -0.02575(15.0)  2.921 

V  =  (2076.0)  (60)  (1-e  ) 

V  =  156  board  feet 
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A  computerized  nonlinear  regression  program  was 
;ed  to  fit  the  above  equation  to  the  tree  data.  The 
suiting  coefficients  and  statistics  for  each  regres- 
Dn  are  given  in  tables  1-7  for  the  Upper  Peninsula 
id  8-14  for  the  Lower.  Note  that  the  standard  error 

the  standard  error  of  the  regression. 


lThe  poletimber  merchantability  limits  include  trees 
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ntral  stem  breaks  into  limbs.  Dimensions  for  saw- 
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ch  t.d.o.b.  for  hardwoods  or  to  the  point  where  the 
'■ntral  stem  breaks  into  limbs. 
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CORRECTION 


A  printing  error  was  made  in   our  General   Technical    Report  NC-80,   A  NET 
VOLUME  EQUATION   FOR  MICHIGAN'S  UPPER  &  LOWER  PENINSULAS,  which  you 
received  in  our  previous  mailing.     On  page  11,   near  the  bottom  of  the 
"Volume  Equations"   section,   the  equation   should  read  as  follows: 


BV  =  17.7488  +  7.3846-CV  -   2. 3523-D   -  0.89945-H  +  2.0726-T 


APPENDIX 


VOLUME  EQUATIONS 

Stone's  cubic  foot  volume  equation  uses  the  fol- 
lowing dependent  variables:  diameter  at  breast  height 
(D),  merchantable  height  (H),  and  diameter  outside 
bark  at  merchantable  height  (T)  to  estimate  cubic 
foot  volume  (CV). 

CV  =  (3.0086  x  10-3  +  SI  +  S2  +  S3  +  S4  + 
S5  +  S6  +  S7  +  S8)-  79.0 
:  where 

SI 

S2 

S3 

S4 

S5 

S6 

S7 

S8 


3)D 

-3)X 


(2.0355  x  10 
(-3.0018  x  10 
(6.2381  x  105)D2 
(2.5705  x  10"5)D2-H 
(-7.0090  x  10"6)H2 
(3.6708  x  10"5)H-T2 
(8.1400  x  1010)D2-H3 
(-1.90000  x  10  9)D2-H2-T 


Stone's  board  foot  volume  equation  as  modified  by 
Hahn  (1975,  1976)  is  as  follows: 
BV  =  17.7488  +  7.38465-4CV-2.35235-4D- 
0.899455-4H  +  2.07265-4T 
where 
BV  =  board  foot  volume  (International  Winch 
rule). 
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Picea  mariana 

Abies  balsamea var.  balsamea 

Tsuga  canadensis 

Larix  laricina 
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Pinus  sylvestris 

Pinus  nigra 

Juniperus  Virginia 

Larix  decidua 

Picea  abies 

Pseudotsuga  menziesii 


Quercus  alba 
Quercus  bicolor 
Quercus  macrocarpa 
Quercus  muehlenbergii 


METRIC  EQUIVALENTS 

1,000  board  feet  (International  Winch  log  rule) 
=  3.48  cubic  meters. 

Breast  height  =  1.37  meters  above  the  ground. 

1  cubic  foot  =  0.0283  cubic  meter. 

1  foot  =  30.48  centimeters  or  0.3048  meter. 

1  inch  =  25.4  millimeters  or  2.54  centimeters  or 
0.0254  meter. 

DEFINITION  OF  TERMS 

(USDA  Forest  Service  1975) 

Desirable  trees. — Live  trees  that  have  no  serious 
defects  that  limit  present  or  prospective  use  and 
that  have  relatively  high  vigor  and  have  no  visible 
signs  of  pathogens  that  may  result  in  death  or 
serious  deterioration  before  rotation  age.  They 
would  be  favored  by  forest  managers  in  silvicul- 
tural  operations. 


11 


Acceptable  trees. — Live  trees  having  no  serious  de- 
fects that  limit  present  or  prospective  use  but  that 
have  pathogens  or  damage  that  may  affect  qual- 
ity. 

Rough  trees. — Live  trees  that  do  not  contain  at  least 
one  merchantable  12-foot  log,  now  or  prospec- 
tively, because  of  roughness,  poor  form,  or  non- 
commercial species. 

Rotten  trees. — "Rough"  trees  in  which  more  than  50 
percent  of  the  cull  volume  is  rotten. 

Short-log  trees. — Live  sawtimber-size  trees  that 
contain  at  least  one  merchantable  8-  to  11 -foot 
saw  log  but  not  a  12-foot  saw  log,  now  or  pro- 
spectively. 
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FOREWORD 

Since  1920,  large  increases  in  productivity  have  been  achieved  with  agricultural  plants 
such  as  corn,  but  no  comparable  increases  have  been  attained  with  woody  plants.  Thus,  in 
the  last  10  years,  increased  attention  has  been  focused  on  the  need  for  more  intensive  silvi- 
cultural  practices  to  increase  fiber  production  per  unit  area  of  land. 

Populus  clones  are  currently  being  examined  for  use  in  intensive  silvicultural  systems 
because  of  their  rapid  growth,  ease  of  propagation,  and  high  utility  for  a  variety  of  wood-fiber 
products  (Schreiner  1959,  Cram  1960,  Larson  and  Gordon  1969,  Dawson  and  Hutchinson  1973). 
Because  more  Populus  species  and  variants  are  available  than  can  be  reasonably  field  tested, 
a  rapid  technique  for  selecting  superior  clones  must  be  devised.  A  desirable  technique  must 
be  simple  and  fast,  in  contrast  to  field-growth  studies  that  might  take  from  3  to  20  years  and 
would  occupy  large  areas.  If  controlled-environment  growth  studies  and  physiological  indi- 
cators can  be  used  to  select  genotypes  capable  of  rapid  growth,  field  trials  can  be  smaller,  with 
attendant  savings  in  time,  effort,  and  money. 

The  chances  of  successful  early  selection  of  poplar  clones  are  enhanced  by  the  genetic 
constancy  of  clonal  material,  by  the  great  amount  of  knowledge  about  poplars  and  their  culture 
already  accumulated,  and  by  the  well-defined  cultural  conditions  and  relatively  short  rotations 
used  in  the  intensive  silviculture  systems  now  emerging  (e.g.,  Larson  and  Gordon  1969). 
Intensive  culture  and  short  rotations,  particularly,  improve  the  chances  of  successful  selection 
because  environmental  variation  and  time  are  both  small. 

For  maximum  efficiency,  early  selection  systems  must  be  integrated  with  overall  yield 
improvement  efforts.  Selection  systems  should  also  be  capable  of  continuous  improvement 
while  in  use.  The  early  selection  methods  described  here  are  to  be  used  in  the  yield  improve- 
ment model  illustrated  below. 
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Described  herein  are  methods  of  propagation,  culture  in  controlled  environments,  and  con- 
struction and  testing  of  selection  indices  for  poplar  clones.  The  next  obvious  improvement  is 
the  use  of  physiological,  as  well  as  growth,  measurements  to  improve  the  predictive  capability 
of  selection  indices.  Such  possibilities  for  poplars  have  been  examined  (Gordon  and  Promnitz 
1976)  but  will  not  be  discussed  here. 

The  primary  objective  of  this  manual  is  to  describe,  for  researchers  in  intensive  poplar 
culture,  ways  of  using  controlled  environments  to  select  clones  that  have  a  high  probability 
of  rapid  growth  in  the  field.  Our  system  has  some  limitations:  We  have  no  guidelines  yet  for 
early  selection  for  insect  and  disease  resistance,  nor  for  resistance  to  extreme  environmental 
stress  (late  frost,  drought).  We  can  identify  clones  with  high  growth  potential  relative  to  the 
tested  group  of  clones  and  we  can  make  probabalistic  statements  about  the  stability  of  per- 
formance across  environments  for  tested  clones.  J.  Gordon  and  L.  Promnitz 
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Producing  Populus  clone  materials  for  research 
necessitates  an  efficient,  reliable,  uniform  system  of 
vegetative  reproduction:  efficient,  in  the  sense  that 
there  be  little  time  lag  between  demand  and  mate- 
rial availability;  reliable,  in  that  materials  should 
be  available  with  reasonable  expectation  of  success; 
and  uniform,  in  that  growth  studies  should  not  have 
to  cope  with  a  great  deal  of  variability  in  plant  size, 
form,  and  vigor. 

We  have  developed  a  system  using  greenhouse  cul- 
ture of  stock  plants,  and  an  intermittent-mist  system 
for  vegetative  propagation  of  softwood  tip  cuttings. 
The  system  described  here  may  prove  practical  not 
only  for  research,  but  for  nursery  production  and 
forest  industry  intensive-culture  systems.  We  have 
also  begun  development  of  a  tissue  culture,  nutrient- 
film  technique  method  of  poplar  propagation,  which 
provides  savings  in  propagating  "easy"  poplars,  and 
hope  for  mass  propagation  of  "difficult"  ones. 

Intermittent-Mist  Facilities 

Propagation  of  leafy  cuttings  requires  that  a  high- 
humidity  environment  be  maintained.  Without  such 
an  environment  leafy  cuttings  quickly  become 
stressed,  and  fail  within  minutes. 

The  intermittent-mist  system  maintains  a  film  of 
water  on  the  leaf  surface  from  the  time  of  sticking 
(placing  new  cuttings  in  the  mist  bench)  until  roots 
are  well  established.  An  intermittent  mist  is  desir- 
able to  reduce  excessive  leaching  of  nutrients  from 
the  leaves  that  would  result  from  a  continuous  mist. 
The  system  is  composed  of  a  bench,  water  source, 
line  strainer,  solenoid  valve,  mist  line,  nozzles,  and 
a  control  unit. 

1.  We  use  elevated  benches  made  with  asbestos 
bottoms  and  sides,  supported  by  a  galvanized  pipe 
structure.  This  construction  is  preferred  over  wood 


because  of  the  continual  wetting  of  the  surface  from 
the  mist,  and  because  algae  accumulations  can  be 
more  easily  cleaned  from  the  metal  and  asbestos  sur- 
faces. The  pipe  frame  also  allows  better  air  circu- 
lation under  the  benches. 

Bench  dimensions  can  be  adjusted  to  meet  the 
needs  of  the  operation,  size  of  the  propagation  area, 
available  water  pressure,  and  spread  of  the  mist  noz- 
zles selected.  In  a  20-  x  20-foot  greenhouse  bay,  three 
benches  (18  x  2.5  x  0.5  feet)  will  fit  nicely.  This  pro- 
vides ample  working  space  between  benches  and  ad- 
equate access  to  the  perimeter  of  the  benches.  A  bench 
height  of  45  inches  provides  a  comfortable  work  area. 

2.  The  water  source  is  important;  water  high  in 
calcium  and  magnesium  salts  will  result  in  un- 
sightly and  perhaps  detrimental  accumulations  on 
leaf  surfaces.  Although  often  not  economically  prac- 
tical, steam  distillate  as  a  by-product  of  the  green- 
house heating  system  makes  an  excellent  choice. 
Where  standard  water  sources  are  unacceptable,  an- 
other alternative  is  to  construct  a  rainwater  im- 
poundment. Water  cycled  through  a  water  softener 
should  not  be  used. 

3.  Line  strainers  with  100-  or  200-mesh  screens 
should  be  placed  in  between  the  water  source  and 
any  booster  pump,  solenoid  valve,  or  mist  nozzle.  The 
strainer  filters  out  damaging  particles  and  thereby 
protects  mist  system  components. 

4.  The  solenoid  valve  is  an  electrically  activated 
valve  in  the  water  line.  Its  function  is  to  provide  an 
intermittent  flow  of  water,  and  it  is  interconnected 
with  the  control  unit.  Two  types  of  solenoid  valves 
are  available:  normally  open  and  normally  closed. 
The  normally  open  type  is  preferred  if  power  inter- 
ruptions are  expected.  Because  it  opens  when  the 
current  is  interrupted,  a  power  failure  will  not  de- 
siccate the  cuttings — the  mist  will  run  continuously 


as  long  as  the  power  is  off.  Waterproof  solenoid  valves 
are  also  desirable.  This  can  be  accomplished  by  cov- 
ering the  valve  coil  with  a  silicone  sealer.  The  so- 
lenoid valve  should  be  located  below  the  level  of  the 
mist  line  to  avoid  dripping  of  the  mist  nozzles  during 
the  off  cycle. 

5.  The  mist  lines  may  be  made  of  iron  pipe,  PVC 
(plastic),  or  copper.  The  lines  should  be  of  sufficient 
diameter  to  serve  the  pressure  needs  of  the  system. 
Several  commercially  available  mist  systems  may 
be  selected,  depending  on  preferences  dictated  by 
use,  durability,  and  initial  cost. 

PVC  has  become  increasingly  popular  because  of 
its  ease  of  assembly  and  low  cost.  Iron  pipe  is  difficult 
to  fit.  Copper  tubing  is  initially  more  expensive,  but 
is  durable,  fairly  easy  to  work  with,  and  is  essentially 
trouble-free.  Also,  copper  fittings  are  readily  avail- 
able through  local  plumbing  supply  outlets. 

6.  Two  general  types  of  mist  nozzles  are  availa- 
ble: deflection  and  oil  burner.  Deflection  nozzles  op- 
erate by  water  striking  a  flat  surface,  which  may  be 
simply  a  wire  located  above  the  orifice,  or  a  solid 
metal  or  plastic  deflection  plate.  Several  types  of 
deflection  nozzles  are  available.  Some  are  specially 
constructed  for  PVC  systems,  and  all  are  relatively 
trouble-free.  Oil  burner  nozzles  work  on  a  principle 
of  whirling  the  water  through  the  orifice.  This  type, 
though  often  more  expensive,  is  very  durable,  par- 
ticularly when  equipped  with  a  stainless  steel  tip. 
The  oil  burner  nozzle  is  also  better  suited  for  situ- 
ations requiring  water  conservation,  since  the  de- 
flection nozzle  uses  considerably  more  water.  Oil 
burner  nozzles  work  well  at  30  psi,  while  deflection 
nozzles  may  require  50  to  60  psi  to  obtain  the  fine 
mist  desired. 

The  nozzles  may  be  placed  on  the  mist  line  in  a 
number  of  ways.  Some  are  positioned  on  risers  suf- 
ficiently above  the  line  to  clear  the  plant  materials, 
while  others  may  be  positioned  on  overhead  lines 
directed  downward.  Another  method  is  to  elevate  the 
mist  line,  with  the  nozzles  teed  from  the  line  upward, 
to  provide  a  uniform  umbrella  of  spray  over  the  bench 
surface.  The  line  can  be  located  approximately  10 
inches  above  the  bench,  with  the  tee  and  nozzle  ex- 
tending an  additional  5  inches.  This  provides  excel- 
lent access  to  the  bench  without  interference  from 
lines  and  nozzles.  It  allows  for  maximum  distribu- 
tion of  the  mist  spray,  and  the  line  is  easily  reached 
for  maintenance  without  disturbing  plant  materials 
on  the  bench.  Overhead  lines  with  nozzles  directed 
downward  tend  to  drip  more  freely,  and  the  mist  line 
must  be  recharged  with  water  with  each  "on"  cycle 


because  of  water  lost  through  dripping.  This  a 
problems  with  uniformity,  because  the  nozzles 
activated  beginning  with  the  nozzle  closest  t( 
water  source  and  progressing  outward. 

Depending  on  the  type  of  mist  nozzle  selected, 
zles  should  be  spaced  from  2.5  to  3  feet  apart, 
primary  consideration  is  to  provide  uniform  cove 
over  the  surface  to  be  misted.  Natural  drafts 
drafts  associated  with  the  heating  and  air  circuh 
systems  may  make  closer  spacing  more  desiral 

7.  The  control  unit  must  regulate  the  mist  < 
so  that  leaf  surfaces  of  the  cuttings  are  wet  a 
times.  Five  general  types  are  available:  (a)  elect] 
leaf,  (b)  thermostat,  (c)  counter-  balance,  (d)  phi 
lectric,  and  (e)  clock. 

The  electronic  leaf  is  a  sensor  made  up  of 
electrodes.  As  the  water  film  evaporates  from  its 
face,  simulating  a  leaf  surface,  the  electrical  cui 
between  the  electrodes  is  broken,  activating  the 
cycle  until  the  surface  is  wet  again. 

A  thermostat  control  monitors  the  tempera 
of  the  leaf  surface.  As  the  water  evaporates,  the 
perature  rises  to  a  critical  level,  activating  the 
cycle. 

The  counter-balance  control  is  regulated 
simulated  leaf  surface,  normally  a  wire  screen 
face.  This  is  counter-balanced  with  a  weight  a' 
opposite  end;  the  asseriibly  is  then  hung  on  a  ful< 
with  a  mercury  switch  to  activate  the  solenok 
water  evaporates  from  the  screen,  the  imbal 
causes  the  weight  to  shift,  allowing  the  mercury  s\ 
to  turn  on  the  mist  system.  Algal  and  metallic 
accumulations  cause  this  system  to  lose  its  prec 
over  time  and  periodic  cleaning  of  the  screen  is 
essary. 

Photoelectric  cells  work  on  the  relation  of  ] 
intensity  and  evapotranspiration — the  higher 
light  intensity,  the  more  frequently  the  mist  cy( 
activated.  They  are  used,  but  not  commonly. 

Control  units  utilizing  clocks,  which  ma 
hooked  together  to  provide  just  about  any  uni 
mist  cycle  over  a  24-hour  period,  have  been  sue 
fully  employed  by  many  propagators.  Normally 
clocks  are  hooked  together  to  provide  on  and  ol 
riods  for  day  and  night,  and  mist  cycles  withir 
on  period  of  about  any  duration  desired.  This  sy 
has  been  employed  by  Iowa  State  University 
searchers  and  has  proved  most  reliable.  One 


s  clock  is  used  for  the  24-hour  day  ight  sequence  with 
e  the  second  clock  providing  30-second  mist  bursts, 
e 

Different  mist  cycles  will  be  dictated  by  environ- 
mental factors  such  as  relative  humidity,  light  in- 
t-  tensity,  and  temperature.  Closer  frequencies,  even 
e  continuous  mist,  may  be  required  during  summer 
e  months.  Fresh,  succulent  cuttings  may  require  a  con- 
dtinuous  mist  for  the  first  2  or  3  days  during  daylight 
a  hours.  High  temperatures  and  light  intensities  in 
late  spring  and  summer  cause  stresses  on  the  fresh 
cutting  that  must  be  neutralized.  Populus  cuttings 
edo  not  appear  to  be  severely  affected  by  nutrient 
1  leaching  that  would  otherwise  make  a  continuous 
cmist  undesirable.  For  most  circumstances,  a  cycle  of 
:-30  seconds  on  and  30  seconds  off  is  adequate. 

The  interval  between  mist  bursts  may  be  length- 
oened  during  winter.  Thirty  seconds  on  and  2.5  min- 
-utes  off  has  worked  successfully,  but  propagators  must 
tvary  the  cycle  according  to  weather  and  condition  of 
itcuttings. 


Misting  during  the  dark  should  be  avoided  when 
epossible  to  prevent  disease.  In  practice,  however,  dark- 


^period  misting  may  be  necessary,  particularly  during 
the  winter  when  the  heating  system  can  lower  rel- 
ative humidity  considerably.  One  or  two  mists  dur- 
ing the  dark  period  is  ordinarily  sufficient. 


The  primary  purpose  of  the  intermittent-mist  sys- 
ietem  is  to  allow  as  much  light  as  possible  without 
^stressing  the  cutting.  However,  shading  may  prove 
lSdesirable  during  high  light  intensity  periods  of  early 
.gsummer.  Shade  cloth  can  be  hung  above  the  bench, 
thbut  it  should  be  high  enough  to  ensure  good  air  move- 
liment  within  the  cuttings.  Incandescent  lights  to  ex- 
,rtend  the  photoperiod  to  18  hours  are  also  used. 

Special  circumstances,  or  individual  preferences, 
may  require  mist  durations  of  less  than  30  seconds. 

it  For  example,  cuttings  propagated  with  flower  buds 
intact,  although  ordinarily  not  acceptable,  may  be 

i<needed  for  hybridization  studies.  A  30-second  mist 
provides  too  much  moisture  and  will  damage  the 
catkin.  An  additional  timer  allowing  1-  or  2-second 

w  bursts  can  be  added  to  the  system  to  accommodate 
such  special  situations. 

■tc  Bottom  heat  provided  by  thermostatically  con- 
e  trolled  soil  cables  is  helpful,  especially  during  win- 
it  ter.  Air  temperatures  of  21  to  24°C  and  bottom  heat 
>rr temperatures  of  3°C  higher  than  air  work  well.  The 
bench  temperature  does  not  appear  significant  dur- 
ing late  spring  and  summer  propagation  periods.  This 


is  probably  due  to  the  propagation  medium  absorb- 
ing heat  and  naturally  retaining  somewhat  more 
warmth  than  the  surrounding  environment. 

Stock  Plants 

A  reserve  of  stock  plants  must  be  maintained  in 
the  greenhouse  to  supply  cuttings.  A  schedule  should 
be  established  to  provide  suitable  cuttings  whenever 
they  are  needed. 

A  good  cutting  comes  from  a  vigorous  stock  plant 
showing  no  signs  of  disease  or  serious  insect  infes- 
tation. Although  succulence  leads  to  susceptibility 
to  pathogen  attack,  it  is  the  nature  of  Populus  that 
vigor  and  succulence  are  virtually  inseparable.  Be- 
cause some  succulence  will  have  to  be  accepted,  lat- 
eral cuttings  are  preferred  over  apical.  The  carbo- 
hydrate-to-nitrogen ratio  has  been  suggested  as  the 
primary  influence  related  to  succulence  and  rooting 
ability.  High  nitrogen  and  low  carbohydrate  concen- 
trations provide  soft,  succulent  tissues  that  often  de- 
velop stem  rot.  This  may  be  offset  somewhat  by  using 
lateral  shoots  as  previously  suggested,  by  reducing 
fertilization  somewhat,  and  by  reducing  the  amount 
of  water  provided  the  stock  plant. 

To  provide  a  continuous  supply  of  cuttings  through 
the  year  and  to  maintain  stock  plant  vigor,  a  rotation 
schedule  should  be  followed.  Stock  plants  are  most 
productive  if  changed  every  4  or  5  months.  The  4- 
month  schedule  offers  the  most  cuttings  over  time, 
with  the  5-month  schedule  extending  the  use  of  the 
stock  plant  for  one  more  cutting  collection. 

A  4-month  rotation  can  be  set  up  to  provide  cut- 
tings every  3  weeks  throughout  the  year.  This  will 
accomplish  the  objective  of  having  plant  material 
available  for  propagation  without  undue  delay.  The 
4-month  rotation  involves  eight  actual  rotations 
within  a  12-month  period.  The  sequence  of  4  weeks, 
6  weeks,  3  weeks,  and  3  weeks,  illustrated  below,  is 
standard.  The  number  of  rotations  can  be  adjusted 
to  fit  the  needs  of  the  operation. 

•  Week  1 — Start  cuttings  to  be  used  for  rotation  I. 

•  Week  4 — Pot  rooted  cuttings  as  stock  plants  for 

rotation  I.  Grow  for  6  weeks,  pruning 
lateral  branches  as  needed  to  provide  a 
single  stem.  Height  at  6  weeks  should 
be  60  to  80  cm. 

•  Week  10 — Decapitate  approximately  20  cm  from 

stem  to  force  lateral  growth  on  rotation 
I. 


•  Week  13 — First  cuttings  should  be  available  from 

rotation  I  plants.  An  average  of  seven 
cuttings  per  stock  plant  can  be  ex- 
pected from  this  first  cutting.  (See  sec- 
tion on  clonal  differences.)  At  this  point 
the  stock  plant  should  be  pruned  to  two 
to  four  strong  laterals.  The  selected  lat- 
erals must  be  headed  back  to  approx- 
imately 15  cm,  with  four  to  five  avail- 
able buds  per  lateral  for  forcing  a  second 
cutting. 

•  Week  16 — Second  cutting  of  rotation  I.  An  aver- 

age of  10  cuttings  per  stock  plant  can 
be  expected.  At  this  time  the  stock  plant 
can  be  cut  back  to  approximately  25 
cm,  with  any  lateral  shoots  below  this 
height  pruned  off,  provided  there  are 
buds  remaining  for  additional  growth. 
This  will  allow  a  few  more  cuttings  in 
another  month.  The  stock  plant  is  pref- 
erably discarded  at  this  point,  in  favor 
of  the  better  cuttings  that  will  be  avail- 
able in  3  weeks  from  rotation  II  plants. 


Rotation  I 


Annual  Rotation  Schedule 
Rotation  II 


Jan.  1— Start  cuttings 
Feb.  1 — Pot  rooted  cuttings 
Mar.  15 — Decapitate 
Apr.  7 — First  cuttings 
May  1  — Second  cuttings 


Feb.  15 — Start  cuttings 
Mar.  15— Pot  rooted  cuttings 
May  1— Decapitate 
May  21 — First  cuttings 
Jun.  15 — Second  cuttings 


Rotation  III  Rotation  IV 

Apr.  1  —Start  cuttings  May  1 5— Start  cuttings 

May  1— Pot  rooted  cuttings  Jun.  15— Pot  rooted  cuttings 

Jun.  15— Decapitate  Aug.  1— Decapitate 

Jul.  7— First  cuttings  Aug.  21  —First  cuttings 

Aug.  1— Second  cuttings  Sep.  15— Second  cuttings 

Rotation  V  Rotation  VI 

Jul .  1  —Start  cuttings  Aug .  1 5— Start  cuttings 

Aug.  1— Pot  rooted  cuttings  Sep.  15— Pot  rooted  cuttings 

Sep.  1 5— Decapitate  Nov.  1  —Decapitate 

Oct.  7 — First  cuttings  Nov.  21  — First  cuttings 

Nov.  1  — Second  cuttings  Dec.  1 5 — Second  cuttings 

Rotation  VII  Rotation  VIII 

Oct.  1  —Start  cuttings  Nov.  1 5— Start  cuttings 

Nov.  1— Pot  rooted  cuttings  Dec.  15— Pot  rooted  cuttings 

Dec.  1 5— Decapitate  Feb.  1 —Decapitate 

Jan.  7— First  cuttings  Feb.  21  —First  cuttings 

Feb.  1 — Second  cuttings  Mar.  15 — Second  cuttings 

This  system  conserves  space,  since  there  are  never 
more  than  two  sets  of  stock  plants  on  hand  at  any 
time.  As  the  second  cutting  is  made,  stock  plants  can 
be  discarded  and  replaced  with  materials  scheduled 
from  the  mist  bench.  It  should  be  noted  that  there 
is  a  1-week  discrepancy  between  the  propagation  date 


for  stock  plants  and  first  cuttings  available  from  twc 
rotations  behind.  For  example,  cuttings  for  Januar} 
1  (Rotation  I)  must  be  taken  from  cuttings  schedulec 
for  January  7  (Rotation  VII).  Ordinarily,  there  are 
enough  good  cuttings  after  2  weeks'  growth  to  pro 
vide  for  the  few  that  will  be  needed  for  replacemenl 
stock  plants. 

Rotations  such  as  this  have  been  kept  active  foi 
several  years  with  no  apparent  degeneration  of  th( 
clone.  However,  it  is  a  good  practice  to  annually  re 
new  each  of  the  stock  clones  using  cuttings  obtainec 
from  field-grown  clonal  orchards.  Care  should  be  taker 
not  to  introduce  pathogen  infections  from  field-growr 
materials. 

The  rotation  described  has  some  inherent  unpre 
dictability.  The  average  number  of  cuttings  taker 
from  either  the  first  or  second  propagation  is  usually 
as  indicated.  But  there  may  be  times  when  more 
stock  plants  will  be  necessary  to  ensure  an  adequate 
supply  of  good  material  because  the  number  of  gooc 
shoots  for  cuttings  is  less  than  expected.  Generally 
it  is  a  good  idea  to  have  as  many  stock  plants  or 
hand  as  space  permits.  This  is  especially  true  wher 
preparing  for  field  studies  where  scheduling  may  be 
critical. 

Most  of  the  principles  of  rotation  scheduling  car 
also  be  applied  to  field-study  scheduling.  The  fielc 
study  is  especially  critical,  because  planting  dates 
are  often  unyielding.  The  first  rule  in  field  studies 
is  not  to  rely  on  hardwood  cuttings  as  a  shortcut  foi 
stock  plant  material.  Hardwood  cuttings  may  be  rootee 
and  in  cutting  production  6  weeks  before  the  stan 
dard  stock  plant  is  ready,  but  growth  is  often  mud 
more  procumbent,  requiring  two  or  three  stakes  pei 
pot.  The  lateral  regeneration,  after  cutting  back  t( 
force  growth,  is  markedly  slower  due  to  a  much  poore: 
root  system.  Finally,  the  cuttings  themselves  are  of 
ten  too  succulent  from  trying  to  push  things  too  fas; 
culturally. 

A  production  schedule  for  field  planting  may  loo! 
something  like  the  following: 

March  1 — Start  cuttings  to  be  used  as  stock  plants 
April  1 — Pot  rooted  and  weaned  cuttings  as  stocli 

plants 
May  6 — Cut  to  force  first  shoots 
May  19 — Cut  to  force  second  shoots 
June  6 — Take  cuttings 
June  20 — Cuttings  rooted,  begin  weaning 
June  26 — Cuttings  ready  for  planting 


3ne  final  note  on  stock  plants:  As  may  be  evident 
Tom  the  above  schedule,  growth  is  often  somewhat 
'aster  during  spring  than  during  the  rest  of  the  year. 

Rooting  Medium 

A  rooting  medium  should  be  porous  enough  to 
illow  good  aeration,  uniformly  retentive  of  moisture, 
ind  physically  able  to  support  the  cutting.  A  great 
variety  of  plantable  containers  satisfy  these  criteria, 
rhe  Jiffy-71  peat  pellet  is  one  of  these,  and  has  pro- 
dded excellent  results  for  Populus  cuttings. 

The  Jiffy-7  (No.  700)  is  composed  of  peat  with  a 
imall  amount  of  added  nutrients,  bound  in  a  plastic 
nesh  net.  It  stores  as  a  wafer  1-3/4  inches  in  di- 
imeter  by  inch  thick.  This  saves  storage  space  in 
;he  greenhouse.  When  water  is  added  it  expands  to 
L-3/4  inches  in  diameter  by  2  inches  thick.  The  pellet 
las  a  pH  of  5.5  to  6.0. 

The  real  advantage  in  rooting  cuttings  in  the  Jiffy- 
1  is  that  the  complete  unit  is  plantable  upon  root 
nidation.  The  rooted  cutting  can  be  moved  from  the 
jench  to  the  pot  or  field  location  with  very  little  root 
listurbance,  thus  avoiding  much  of  the  transplant 
shock  associated  with  bare-root  methods. 

The  propagation  bench  should  be  filled  with  hor- 
icultural,  coarse-grade  perlite.  This  may  also  be  used 
is  a  rooting  medium  for  special  use  situations  where 
I  plantable  container  is  not  desirable.  In  addition, 
.he  perlite  provides  a  sterile  bed  for  the  cuttings  in 
liffy-7's  to  rest  on.  The  emerging  roots  can  continue 
'nto  the  perlite  without  danger  of  desiccation. 

Making  and  Rooting  Cuttings 

Three  types  of  cuttings  are  associated  with  prop- 
agation of  woody  plant  materials:  (a)  softwood,  (b) 
semi-hardwood,  and  (c)  hardwood.  Each  requires  a 
lifferent  technique,  although  much  of  the  operation 
s  the  same. 

Softwood  cuttings,  sometimes  called  "green- 
vood"  or  "softwood  tip"  cuttings,  are  used  in  the  ma- 
jority of  research  applications.  Studies  involving  top 
frowth  comparisons  where  form  and  initial  uniform- 
ty  are  important  require  softwood  cuttings. 


Mention  of  trade  names  does  not  constitute  en-, 
lor  seme  nt  of  the  products  by  the  USD  A  Forest  Serv- 


ce. 


Attention  must  be  given  to  propagating  in  a  san- 
itary environment.  The  bench  and  perlite  should  be 
sterilized  with  a  dilute  household  bleach  solution 
prior  to  setting  out  the  Jiffy-7's.  The  peat  pellets  are 
placed  on  the  bench  after  running  the  mist  system 
for  an  hour  or  two  to  leach  out  any  remaining  bleach. 
The  peat  pellets  should  be  spaced  to  allow  plenty  of 
room  for  air  circulation  between  the  cuttings  and  to 
minimize  leaf  overlap  after  the  cuttings  have  been 
stuck.  As  an  example  for  spacing,  a  bench  2.5  x  18 
feet  will  accommodate  700  peat  pellets.  This  provides 
9.25  square  inches  per  peat  pellet,  or  one  pellet  in 
the  center  of  a  3-  x  3-inch  area.  Adequate  space  is 
extremely  important,  since  closer  spacing  almost  in- 
variably results  in  pathogen  problems,  particularly 
stem  rot. 

After  the  peat  pellets  have  been  placed,  the  mist 
system  is  again  turned  on  to  a  constant  mist  and 
allowed  to  run  for  another  hour  or  two  until  the  Jiffy  - 
7  is  thoroughly  expanded  and  uniformly  wet.  The 
peat  pellets  are  then  dibbled,  being  careful  not  to 
insert  the  dibble  much  more  than  three-fourths  of 
the  way  through  the  pellet.  Otherwise,  the  cutting 
may  be  inserted  through  the  pellet,  producing  an 
undesirable  rooting  environment.  Dibbles  made  of 
nylon  are  available  through  horticulture  suppliers. 
The  nylon  keeps  the  peat  from  sticking  to  the  dibble, 
thus  avoiding  tearing  up  the  pellet.  The  dibble  should 
be  inserted  and  given  a  slight  twist  before  extract- 
ing. 

After  the  pellets  have  been  dibbled,  a  drench  of 
Captan  wettable  powder  fungicide  should  be  applied. 
Use  8  teaspoons  per  gallon  of  water  per  100  square 
feet,  and  apply  over  the  surface  of  the  pellets  and 
entire  bench  surface  using  a  sprinkling  can.  The 
propagation  medium  is  now  ready  to  accept  the  veg- 
etative cuttings. 

A  few  easily  obtained  items  for  taking  (or  making) 
cuttings  should  be  assembled.  These  include  single- 
edge  razor  blades,  a  rubber  stopper  (size  11  or  12), 
two  plastic  beakers  (1,000  ml),  and  a  lab  cart  for  a 
working  surface. 

Razor  blades  are  suggested  rather  than  pruning 
shears,  because  they  are  sterile  and  provide  a  much 
cleaner  cut.  The  cleaner  cut  allows  less  vascular 
damage,  better  water  and  nutrient  uptake,  and  less 
general  tissue  damage  that  might  provide  pathogen 
entry.  The  razor  blades  should  be  changed  at  least 
every  50  cuttings,  and  even  from  plant  to  plant  if 
there  is  any  suggestion  of  disease  in  the  stock  plants. 
(Sometimes  it  may  be  necessary  to  propagate  suspect 


plants  to  find  out  if  their  disorder  is  pathogenic  or 
physiological  by  growing  new  ramets.) 

A  rubber  stopper  is  used  as  a  backing  to  ensure 
a  clean  cut.  The  stopper  tends  to  keep  the  plant,  and 
not  fingers,  properly  positioned  for  severing. 

Two  plastic  beakers  are  used  when  there  are  two 
or  multiples  of  two  people  making  cuttings.  One  per- 
son prepares  the  cuttings  and  keeps  them  fresh  by 
inserting  them  in  a  beaker  containing  water.  The 
second  individual  takes  this  beaker  (with  30  or  40 
cuttings)  to  the  mist  bench  and  sticks  the  cuttings. 
The  person  making  cuttings  can  then  continue  with 
the  second  beaker.  The  person  sticking  cuttings  re- 
turns with  the  empty  beaker,  rinses  it  out  and  refills 
it  with  fresh  tap  water.  The  use  of  water  in  a  beaker 
is  contradictory  to  some  sanitation  principles.  But, 
due  to  the  extreme  succulence  of  most  Populus  cut- 
tings, methods  such  as  wet  toweling  do  not  work 
well.  The  fresh  cuttings  will  droop  from  wilt  in  a 
very  short  time  if  not  kept  in  water.  Working  with 
clean  hands  and  not  smoking  while  taking  cuttings 
are  other  important  sanitation  axioms  that  should 
be  observed. 

The  lab  cart  provides  a  handy  place  to  keep  the 
razor  blades  and  beakers.  The  cart  can  also  be  used 
as  a  receptacle  for  leaves  trimmed  from  the  cutting. 
Trimming  the  cuttings  over  the  cart  is  more  conve- 
nient than  cleaning  the  floor  after  the  job  is  finished. 

The  cuttings  should  be  taken  when  possible  from 
lateral  growth  on  the  stock  plant.  Terminal  cuttings 
may  root,  but  generally  do  not  make  good  propa- 
gation material.  If  the  rotation  schedule  for  stock 
plants  is  followed,  the  first  and  second  cutting  dates 
will  only  have  lateral  growth  available  anyway.  A 
4-inch  cutting  is  normally  selected,  although  some- 
times during  early  summer  a  3-inch  cutting  may  be 
preferred.  The  shorter  cutting  has  less  tendency  to 
stress  with  the  accompanying  droop.  The  smaller 
cuttings  will  survive  this  stress  better,  have  less 
overlap  in  the  bed  from  drooping,  and  stand  up  under 
the  rigors  of  field  planting  more  satisfactorily.  In 
either  case,  leaves  should  be  removed  from  approx- 
imately two-thirds  of  the  stem,  retaining  the  leaves 
at  the  apex.  The  pruning  of  leaves  should  in  most 
cases  be  done  with  a  razor  blade.  The  removal  of 
leaves  reduces  transpiration  and  limits  leaf  overlap 
in  the  bench.  Overlap  should  be  avoided  as  much  as 
possible  because  the  mist  may  not  reach  some  leaves 
and  leaves  sticking  together  often  decay. 

Cuttings  should  be  taken,  whenever  possible,  in 
the  morning  when  the  stock  plants  are  fully  turgid. 


This  usually  means  sometime  prior  to  10:00  a.m.  Ai 
alternative  is  early  evening  or  at  night,  providin 
the  stock  plants  have  been  watered  and  are  not  unde 
any  transpiration  stress.  Cool,  cloudy  days  are  als 
good  for  making  cuttings. 

Usually,  however,  the  mist  system  should  be  op 
erating  during  sticking.  On  cloudy,  cool,  humid  day 
one  may  stick  the  cuttings  without  the  mist  syster 
being  on,  except  while  the  "sticker"  is  out  of  th 
propagation  bay  collecting  another  batch  of  cuttings 

In  sticking  the  cuttings,  the  peat  should  be  firml; 
tamped  around  the  stem  of  the  cutting.  It  is  impor 
tant  that  there  be  good  contact  on  as  much  of  th 
stem  within  the  pellet  as  possible. 

Our  experience  has  shown  that  with  softwood  cut 
tings,  with  few  exceptions,  no  hormone  treatment  i 
necessary.  In  fact,  treating  with  hormones  often  re 
suits  in  stem  burn  and  accompanying  rot.  One  ex 
ception  may  be  the  Crandon  clone  (NCFES  5339^ 
Crandon  can  be  propagated  without  hormones,  bu 
seems  to  respond  favorably  to  a  500-ppm  IBA  solu 
tion  applied  as  a  dip. 

There  is  evidence  that  Captan,  used  as  a  fungi 
cide,  may  have  an  additional  benefit  to  the  cutting 
With  some  species,  fungicides  and  particularly  Cap 
tan,  seem  to  have  a  hormonal  effect  in  stimulatioi 
of  rooting. 

Rooting  for  most  clones  will  take  place  in  abou 
2  weeks.  It  is  preferable  to  allow  3  weeks  befon 
transferring  to  the  container.  Some  clones,  such  ai 
NCFES  5323,  5377,  and  5339,  may  need  3  weeks  t< 
properly  root.  This  may  vary  with  rooting  conditions 
Generally,  one  should  allow  an  additional  week  U 
wean  the  cuttings  from  the  mist.  Weaning  involvei 
reducing  the  mist  frequency  gradually  down  to  onc< 
every  15  minutes.  For  example,  change  from  30  sec 
onds  on  and  30  seconds  off,  to  30  seconds  on  and  { 
minutes  off  for  the  first  2  days.  The  second  2  dayi 
increase  to  10  minutes  off.  Increase  to  15  minutei 
off  for  the  last  2  or  3  days. 

If  the  cuttings  are  going  to  the  field,  this  hard 
ening-off  process  should  be  given  special  attention 
Be  sure  the  cuttings  will  be  able  to  survive  before 
subjecting  them  to  a  field  environment.  Any  shading 
that  has  been  provided  should  also  be  removed  foi 
at  least  a  week  prior  to  field  planting.  Hardenec 
materials,  however,  can  be  placed  in  the  shade  for  i 
few  days,  such  as  under  a  greenhouse  bench  if  sue! 
accommodations  are  available.  A  watchful  eye  anc 
a  fog  nozzle  can  prevent  damage  to  newly  pottec 
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xees  retained  in  the  greenhouse.  This  care  is  seldom 
jractical  in  field  plantings,  which  again  emphasizes 
;he  need  for  special  care  in  hardening  materials  for 
iuch  use. 

Semi-hardwood  cuttings  are  actually  stem-sec- 
;ion  cuttings  that  include  at  least  one  node  and  in- 
;ernode  segment.  These  cuttings,  if  taken  from  ac- 
tively growing  greenhouse  stock  plants,  will  root 
jasily.  Their  use  is  generally  limited  to  studies  where 
brm  is  not  a  factor.  Similar  cuttings  can  be  taken 
rom  field-grown  trees  during  late  summer  or  early 
all.  In  this  case,  it  is  advantageous  to  use  a  rooting 
lormone.  Such  nongrowing  cuttings  will  usually  root, 
nit  there  may  be  some  difficulty  in  forcing  new  bud 
growth. 

Hardwood  cuttings  can  also  be  rooted  under  the 
mist.  Late-season  cuttings — taken  when  buds  are 
swelling — may  even  require  mist  propagation.  The 
advanced  stage  of  bud  development  will  usually  re- 
mit in  the  cutting  leafing  out  before  the  roots  are 
sufficient  to  support  transpiration. 

For  hardwood  cuttings  it  is  desirable  to  either  stick 
he  cutting  directly  into  the  perlite,  or  partially  bury 
he  peat  pellet  containing  the  cutting.  This  allows 
>etter  response  from  the  soil  cables.  In  some  cases, 
yhen  treated  this  way  roots  may  emerge  in  3  or  4 
ays.  Ordinarily,  if  cuttings  are  taken  during  the 
/inter  months,  there  is  no  need  for  the  assistance 
fa  mist  system.  Cuttings  may  be  stuck  directly  into 
Jhe  container  or  field-planted  when  conditions  are 
kvorable. 
| 

,  By  far  the  most  cuttings  for  research  are  estab- 
lished as  softwood  cuttings,  unless  a  large  cutting 
rchard  has  been  established  to  provide  hardwood 
;uttings  for  some  field  applications.  Nearly  100  per- 
cent success  can  be  expected  from  softwood  cuttings 
ropagated  as  described.  As  a  cushion,  an  additional 
0  percent  can  be  started  to  allow  for  some  selection 
;t  time  of  planting. 


Outplanting 


I  Assuming  that  the  rooted  cuttings  have  been  ad- 
quately  weaned  from  the  mist  environment,  the  next 
tep  may  be  planting  them  to  establish  a  field  study. 
jome  protection  should  be  provided  in  transporta- 
ton  to  the  planting  site.  If  transported  in  an  open 
ruck  bed,  winds  will  severely  desiccate  and  bruise 
saves  if  the  materials  are  not  covered. 

When  planting  the  cutting  it  is  important  to  be 
ire  the  root  system  is  well  distributed  and  not 


twisted.  Otherwise,  the  young  tree  will  develop  roots 
that  will  encircle  and  eventually  strangle  the  re- 
maining roots.  Poor  root  arrangement  will  also  favor 
windthrow. 

Where  irrigation  is  available  the  trees  should  be 
"watered  in".  This  helps  to  reduce  stresses  associated 
with  transplanting  and  serves  to  settle  the  soil  around 
the  root  system  uniformly. 

Clonal  Variation 

Clones  used  in  vegetative  propagation  have  shown 
variation  in:  (a)  the  number  of  available  cuttings 
from  the  stock  plants  and  (b)  time  required  to  root. 


Cuttings  Available  Per  Plant— First  Cutting 

Clone 

Mean  number/stock  plant 

Range 

5377 

7.7 

5-12 

5321 

6.9 

5-10 

5323 

7.4 

5-10 

5328 

6.1 

5-10 

5339 

7.6 

5-10 

5260 

9.4 

6-13 

5351 

7.8 
Cuttings  Available  Per  Plant— Second  Cutting 

6-11 

Clone 

Mean  number/stock  plant 

Range 

5377 

11.1 

7-16 

5321 

11.3 

10-15 

5323 

10.4 

8-13 

5328 

9.0 

8-11 

5339 

11.9 

8-15 

5260 

7.1 

5-9 

5351 

9.0 

6-13 

Differences  in  time  required  to  root  are  closely 
associated  with  rooting  ability  and  general  rooting 
success.  Clone  5260  can  be  expected  to  root  in  10 
days  and  rarely  has  difficulty  in  getting  established. 
Most  clones  will  root  in  approximately  14  days.  Clones 
5323  and  5377  may  lag  behind  by  5  to  7  days;  they 
generally  are  more  difficult  to  root,  and  have  occa- 
sional stem  rot  difficulties.  Clone  5377  is  somewhat 
slower  than  5323.  Clone  5339  (Crandon)  is  the  most 
difficult  to  root,  although  it  seldom  takes  longer  than 
4  weeks.  The  difficulty  with  the  Crandon  clone  is 
probably  associated  with  its  aspen  and  European  white 
poplar  parentage.  Clone  4877,  a  P.  alba  clone,  is  very 
similar  to  5339.  Neither  5339  nor  4877  will  root  with 
much  success  as  hardwood  cuttings. 

The  intermittent-mist  system  provides  the  pro- 
duction manager  a  relatively  simple  way  of  produc- 
ing a  large  number  of  genetically  and  physically  uni- 
form plants  in  a  limited  space.  The  simplicity  of  the 
system  also  allows  minimally  trained  personnel  to 
do  the  work  with  high  probability  of  success. 


Propagation  of  Poplars  by 

Shoot  Apex  Culture 

and  Nutrient  Film  Technique 

Plant  tissue  culture  offers  a  form  of  vegetative 
propagation  that  may  be  able  to  overcome  some  of 
the  problems  encountered  in  the  standard  methods 
of  woody  plant  propagation.  Shoots  have  been  ini- 
tiated on  callus  cultures  of  a  number  of  woody  plants. 
Several  reviews  are  available  (Durzan  and  Campbell 
1974,  Pierik  1975,  Winton  and  Huhtinen  1976).  The 
production  of  shoots  from  callus  cultures,  however, 
has  several  limitations.  Shoots  may  appear  irregu- 
larly and  in  limited  numbers  on  the  callus.  For  this 
reason,  the  production  of  large  numbers  of  woody 
plants  is  not  usually  possible. 

A  second  problem  with  shoots  produced  on  callus 
cultures  is  that  callus  tissue  in  culture  tends  toward 
endopolyploidy  (Murashige  and  Nakano  1965,  Par- 
tanen  1963).  This  increase  in  the  ploidy  level  in  cul- 
ture may  result  in  the  loss  of  totipotency,  the  ability 
of  every  individual  cell  in  a  plant  to  regenerate  a 
complete  plant.  Perhaps  more  importantly,  poly- 
ploidy may  result  in  production  of  a  plant  genetically 
different  from  the  original  plant,  and  hence  the  loss 
of  the  originally  desired  characteristics. 

The  culturing  of  shoot  apices  has  been  used  in  the 
large-scale,  clonal  propagation  of  a  wide  variety  of 
herbaceous,  horticultural  plants  (Murashige  1974). 
By  using  shoot  apices  of  Gerbera  daisy,  the  produc- 
tion of  1  million  plants  from  one  original  shoot  apex 
in  1  year  is  possible  (Murashige  1974).  The  shoot 
apex  is  perhaps  the  most  totipotent  part  of  the  grow- 
ing plant.  The  cells  of  the  shoot  apex  are  less  differ- 
entiated and  more  uniformly  diploid  than  those  of 
most  other  parts  of  the  plant  (D'Amato  1952,  Par- 
tanen  et  al.  1955).  Thus,  the  production  of  only  a  few 
polyploid  plants  would  be  expected  in  plants  regen- 
erated from  shoot  apices,  and  this  has  been  dem- 
onstrated (Hasegawa  et  al.  1973,  Murashige  et  al. 
1974). 

Because  shoot  apex  culture  offers  a  system  for  the 
large-scale  clonal  propagation  of  herbaceous  plants, 
we  attempted  to  determine  if  the  same  basic  tech- 
niques could  be  applied  to  the  propagation  of  woody 
plants. 

Culture  medium 

The  complete  medium  consisted  of  an  inorganic 
and  organic  portion.  The  inorganic  portion  was  the 
basic  Murashige  and  Skoog  (1962)  inorganic  salt 
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mixture.  Phosphate  was  added  to  this  (170  mg/1)  in 
the  form  Na  H2  P04  x  H20.  The  organic  portion  con- 
sisted of  0.4  mg/1  thiamine  HCl,  80  mg/1  adenine 
sulfate,  100  mg/1  myo-inositol,  20  g/1  sucrose  and 
10  g/1  Difco  Bacto  agar.  To  determine  the  most  ef- 
fective hormone  combination  for  the  multiplication 
of  shoots,  30  combinations  of  five  levels  of  indole- 
acetic  acid  (IAA)  (0.0  M,  5.7  x  108M,  5.7  x  10-7M, 
5.7  x  10_6M  and  5.7  x  10_5M)  and  six  levels  of  ben- 
zylaminopurine  (BAP)  (0.0  M,  1.3  x  107M,  1.3  x 
10"6M,  1.3  x  105M,  6.6  x  105M  and  1.3  x  10"4M) 
were  tested. 

The  IAA  and  BAP  were  dissolved  in  water  by  heat- 
ing in  an  autoclave  for  a  few  minutes  and  then  added 
in  the  appropriate  amounts  to  the  medium  to  produce 
the  30  hormone  combinations.  The  medium  pH  was 
adjusted  to  5.7  with  1  N  KOH  or  HCl.  The  sucrose 
and  agar  were  then  added  and  dissolved  by  heating 
in  an  autoclave,  and  25  ml  of  the  medium  was  poured 
into  each  25-  x  150-mm  culture  tube.  The  tubes  were 
capped  with  Bellco  Kaputs  and  all  components  were 
autoclaved  together  at  12 1°C  for  15  minutes. 

Plant  material 

Shoot  tips  of  Populus  tristis  x  P.  balsamifera  cv. 
Tristis  #1  (NCFES  5260)  were  used  in  this  study 
(Cram  1960).  They  were  collected  in  mid-August  from 
a  plantation  near  Ames,  Iowa.  All  leaves  were  re- 
moved and  the  shoot  tips  were  washed  in  a  detergent 
solution.  Surface  sterilization  was  found  to  be  un- 
necessary. The  bud  scales  and  all  but  the  last  pair 
of  leaf  primordia  were  removed  under  a  dissecting, 
microscope.  A  shoot  apex  1-  to  2-mm  tall  was  planted 
in  each  tube  of  culture  medium. 

Multiplication  of  shoots 

Tubes  containing  the  excised  shoot  apices  were 
placed  in  a  growth  chamber  with  a  day  temperature^ 
of  24°C  and  a  night  temperature  of  18°C.  The  irra- 
diance  was  90.0  microeinsteins/m2  sec-1  and  was 
supplied  by  fluorescent  lamps  for  14  hours  of  every 
24. 

After  the  first  2  to  3  weeks  in  culture,  some  of  the 
apices  had  senesced  and  died,  while  others  had  grown 
to  five  to  six  times  their  original  size.  Some  of  the 
treatments  stimulated  the  formation  of  small  amounts 
of  callus  where  the  base  of  the  original  apex  camt 
in  contact  with  the  medium.  After  3  to  4  weeks  ir 
culture,  some  of  the  apices  initiated  small  green  areas 
of  organized  growth  on  the  callus.  These  areas  con 
tinued  to  grow  and  became  the  sites  for  the  formatior 
of  adventitious  buds  that  developed  into  adventitiou* 
shoots. 


These  adventitious  shoots  occurred  where  treat- 
ment consisted  of  1.3  x  10-7M,  1.3  x  10-6M,  and  1.3 
x  10"5M  BAP  with  0.0  M,  5.7  x  10"8M,  5.7  x  107M, 
and  5.7  x  106M  IAA.  The  largest  number  of  shoots 
occurred  when  the  medium  contained  1.3  x  10  ~6M 
BAP  and  5.7  x  10~7M  IAA. 

This  treatment  produced  an  average  of  8  to  12 
adventitious  shoots  from  each  original  shoot  apex, 
and  it  was  selected  as  the  medium  for  all  further 
shoot  multiplication  experiments.  The  adventitious 
shoots  developed  on  the  callus  at  the  base  of  the 
original  apex,  and  as  they  grew,  they  produced  a 
mass  of  leaves  that  surrounded  the  original  apex. 
These  shoots  typically  grew  as  a  whorl  of  leaves 
without  well-developed  stems.  The  stem  internodes 
failed  to  elongate  on  the  shoot  multiplication  me- 
dium, perhaps  because  of  the  high  level  of  cytokinin. 

These  adventitious  shoots  could  be  divided  and 
placed  on  fresh  multiplication  medium,  which  re- 
sulted in  the  initiation  of  new  adventitious  shoots 
without  the  formation  of  an  intermediate  callus. 
Again,  the  shoots  consisted  only  of  a  whorl  of  leaves 
without  well-developed  stems. 

Rooting  of  shoots 

To  induce  root  formation  on  the  multiplied  shoots, 
the  basal  medium  was  modified  by  the  omission  of 
both  the  adenine  sulfate  and  the  additional  phos- 
phate. Also  the  rooting  medium  did  not  contain  any 
BAP.  Six  levels  of  IAA  (5.7  x  107M,  5.7  x  106M, 
2.8  x  10-5M,  5.7  x  10"5M,  1.1  x  104M,  and  2.8  x 
10_4M)  were  tested  for  their  ability  to  initiate  roots. 
Later,  six  levels  of  indolebutyric  acid  (IBA)  (4.9  x 
10"7M,  4.9  x  10"5M,  2.5  x  10"5M,  4.9  x  10-5M,  9.8 
x  10  ~5M,  and  2.5  x  10_4M)  were  also  tested  for  their 
ability  to  initiate  roots.  Shoots  to  be  rooted  were 
placed  in  117.6-cm3  french  square  bottles  containing 
40  ml  of  rooting  medium.  Cultures  were  placed  in  a 
growth  chamber  with  a  day  temperature  of  24°C  and 
a  night  temperature  of  18°C.  The  irradiance  was  125.0 
microeinsteins/m2  sec1  supplied  by  a  mixture  of  flu- 
orescent and  incandescent  lamps  for  14  hours  of  every 
1 24. 

When  adventitious  shoots  were  placed  on  a  root- 
ing medium  containing  either  5.7  x  10_7M  or  5.7  x 
|106M  IAA,  without  any  BAP  in  the  medium,  the 
;  internodes  of  the  stems  began  to  elongate,  producing 
normal-looking  stems.  None  of  these  shoots,  how- 
ever, formed  roots  even  after  5  weeks  on  this  me- 
.dium.  IBA  was  tested  because  of  its  ability  to  stim- 
ulate roots  on  cuttings  of  many  plants.  In  the  presence 


of  4.9  x  107M,  4.9  x  10"6M,  2.5  x  105M,  and  9.8  x 
10_5M  IBA,  shoot  internodes  elongated  and  roots  were 
formed.  The  4.9  x  10~7M  IBA  treatment  resulted  in 
formation  of  the  most  normal-looking  root  system, 
complete  with  lateral  roots.  A  second  rooting  exper- 
iment was  conducted  to  determine  the  optimal  IBA 
concentration  for  root  formation.  IBA  was  applied  at 
0.0  M,  2.5  x  107M,  4.9  x  107M,  2.5  x  106M,  4.9  x 
10"6M,  1.2  x  10~5M,  and  2.5  x  105M.  Again,  the  4.9 
x  10 _7  IBA  treatment  resulted  in  the  formation  of 
the  most  normal-looking  root  system. 

Once  the  roots  begin  to  appear  on  the  shoots  on 
the  rooting  medium,  they  should  be  transplanted  to 
minimize  the  damage  done  to  the  root  system  during 
transfer.  Rooted  shoots  were  removed  from  the  bottle 
of  rooting  medium  and,  after  the  medium  was  washed 
from  the  roots,  planted  in  a  peat  pellet  placed  under 
a  shaded,  intermittent-mist  system  in  the  green- 
house. In  this  way,  plants  could  be  "hardened  off' 
gradually  to  the  environment  outside  the  culture 
bottle.  Once  plants  were  hardened  off  they  were  moved 
to  a  Nutrient  Film  Technique  (NFT)  (Cooper  1975) 
system  for  further  growth. 

Applications 

Tristis  #1  is  routinely  propagated  by  rooting  shoot 
tip  cuttings.  In  this  way,  one  shoot  tip  cutting  can 
produce  one  complete  plant  in  2  weeks.  By  using 
excised  shoot  apices,  however,  each  Tristis  #1  apex 
can  produce  between  eight  and  12  adventitious  shoots 
in  4  to  6  weeks,  each  of  which  can  be  rooted  to  pro- 
duce a  complete  plant.  If  the  adventitious  shoots  are 
divided  and  placed  on  fresh  multiplication  medium 
instead  of  rooting  medium,  each  shoot  can  produce 
another  eight  to  12  adventitious  shoots.  Thus,  the 
number  of  shoots  increases  geometrically  each  time 
the  shoots  are  subcultured. 

In  shoot  apex  propagation  of  Gerbera  daisy,  each 
subculture  results  in  a  fivefold  increase  in  the  num- 
ber of  shoots,  and  if  the  subcultures  are  made  every 
4  weeks,  1  million  plants  can  be  produced  in  1  year 
(Murashige  et  al.  1974).  Similar  results  have  been 
obtained  by  using  the  runner  apex  of  Boston  fern 
(Burr  1976).  One  runner  apex,  subcultured  three  times 
during  a  5V2-month  period,  can  produce  5,000  plants. 
Adding  a  fourth  subculture  and  extending  the  time 
period  to  6V2  months  allows  production  of  between 
10,000  and  20,000  plants,  all  from  one  original  run- 
ner apex.  Unfortunately,  Boston  fern  has  not  been 
found  to  be  very  stable  in  culture  for  long  periods. 
The  longer  it  is  kept  in  culture,  the  greater  the  chance 
that  "sports"  or  mutant  plants  will  appear.  When 


subcultured  a  fourth  time,  between  10  and  20  per- 
cent of  the  plants  are  mutants.  This  can  be  avoided 
simply  by  subculturing  only  three  times  and  then 
starting  with  new  cultures  freshly  initiated  from  ex- 
cised runner  apices. 

The  stability  of  each  plant  to  be  propagated  in 
culture  should  be  established  before  large-scale 
propagation  is  begun.  Not  all  plants  may  exhibit  the 
genetic  instability  of  Boston  fern;  for  example,  there 
has  been  little  evidence  of  the  development  of  sports 
in  the  apex  propagation  of  asparagus  and  Gerbera 
daisy  (Hasegawa  et  al.  1973,  Murashige  et  al.  1974). 
Even  if  sports  do  develop,  it  is  a  simple  matter  of 
subculturing  less  than  the  number  of  times  when 
the  sports  become  a  problem.  Apex  propagation  of 
Boston  fern  is  currently  done  on  a  commercial  scale 
in  California;  the  cultures  are  subcultured  only  three 
times,  and  then  new  cultures  are  started.  In  this  way, 
one  nursery  has  been  able  to  produce  about  80,000 
plants  per  month. 

Because  shoots  are  grown  and  multiplied  in  cul- 
ture tubes  25  x  150  mm,  a  large  number  of  shoots 
can  be  grown  in  a  relatively  small  space.  Cultures 
can  be  grown  on  shelves  illuminated  by  fluorescent 
lamps  mounted  on  the  bottom  of  the  shelf  above. 
With  this  system,  it  has  been  estimated  that  a  room 
13  x  13  x  9  feet  could  contain  about  10,000  tubes.  In 
the  propagation  of  Tristis  #1,  each  tube  would  con- 
tain between  8  and  12  adventitious  shoots,  each  ca- 
pable of  producing  a  complete  plant.  By  using  con- 
ventional shoot  tip  propagation  techniques,  a  13-  x 
13-foot  space  in  a  greenhouse  could  support  between 
150  and  200  stock  plants,  each  of  which  could  pro- 
duce about  20  cuttings.  By  using  shoot  tip  propa- 
gation, between  3,000  and  4,000  plants  could  be  pro- 
duced in  this  area.  Shoot  apex  propagation  using 
Tristis  #1  has  the  potential  of  producing  between 
80,000  and  120,000  shoots  after  4  to  6  weeks  in  cul- 
ture without  any  subculturing. 

Another  advantage  of  shoot  apex  propagation  is 
that  because  there  is  a  multiplication  of  shoots  in 
culture,  fewer  stock  plants  need  to  be  maintained  in 
the  greenhouse.  This  lowers  the  cost  of  the  green- 
house operation  by  reducing  the  amount  of  space 
taken  up  by  stock  plants. 

The  facilities  for  a  shoot  apex  propagation  oper- 
ation consist  of  laboratory  and  greenhouse  space. 
Ideally,  the  laboratory  consists  of  separate  areas  for 
washing  glassware,  preparing  media,  transferring 
cultures,  and  growing  cultures  (fig.  1).  The  use  of 
separate  rooms  for  these  operations  greatly  reduces 


the  risk  of  contaminating  the  cultures.  The  glass- 
ware washing  area  should  contain  an  autoclave,  sink, 
dishwashing  machine,  and  storage  area  for  glass- 
ware. It  should  also  be  used  in  preparing  plant  ma- 
terial to  be  used  to  initiate  cultures.  The  media  prep- 
aration area  should  contain  balances,  refrigerators, 
a  water  deionizer,  a  pH  meter,  storage  area  for  glass- 
ware and  reagents,  and  bench  space.  The  transfer 
room  should  have  storage  space  for  freshly  prepared 
media  and  also  a  sterile  area  with  either  a  filtered 
air  or  laminar  air  flow  hood  for  initiating  or  sub- 
culturing cultures.  The  culture  room  should  contain 
several  sets  of  shelves  with  fluorescent  lamps.  Con- 
trol of  photoperiod  and  light  intensity  is  useful.  Each 
room  should  have  separate  controls  for  temperature, 
especially  the  culture  room,  because  of  the  sensitiv- 
ity of  cultures  to  extremes  in  temperature.  The 
greenhouse  should  have  space  for  the  maintenance 
of  a  few  stock  plants  and  also  a  shaded,  intermittent- 
mist  system  for  the  plants  after  they  have  been  re- 
moved from  culture. 

About  25  commercial  nurseries  in  California  pres- 
ently use  shoot  apex  propagation  of  herbaceous,  hor- 
ticultural plants.  The  smaller  nurseries  produce 
10,000  to  20,000  plants  per  month,  while  the  larger 
ones  are  capable  of  producing  up  to  100,000  plants 
per  month.  One  of  the  larger  nuseries  propagating 
Boston  ferns  employs  about  11  people  and  can  pro- 
duce about  80,000  plants  per  month.  The  initial  cost 
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Figure  1. — Floor  plan  of  a  hypothetical  laboratory 
facility  for  the  propagation  of  plants  through  shoot 
apex  culture. 
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for  starting  a  small  operation  has  been  estimated  at 
between  $20,000  and  $30,000,  while  a  larger  one 
would  require  between  $60,000  and  $100,000. 

The  low-capital-cost  hydroponic  technique  known 
as  Nutrient  Film  Technique  (NFT)  may  have  several 
advantages  over  other  systems  for  further  growth  of 
the  propagules  derived  from  apex  culture.  This  sys- 
tem is  commercially  used  for  the  greenhouse  culture 
of  vegetable  crops  and  has  been  advocated  for  pro- 
duction of  ornamental  nursery  stock  (Cooper  1975). 
Propagules  in  which  root  primordia  have  been  in- 
duced are  transferred  to  troughs  containing  trickling 
nutrient  solution  and  grown  until  they  reach  a  de- 
sirable size  for  field  planting.  The  system  is  flexible 
in  that  propagules  can  be  grown-on  in  containers 
such  as  Jiffy-7's  or  fiber  blocks,  or  as  bare-rooted 
stock.  The  latter  option  greatly  reduces  root  malfor- 
mation and  binding  that  occur  in  container-grown 
stock.  Bare-root  plants  grown  in  NFT  gutters  pro- 
duce a  uniform,  continuous  root  mass  which,  when 
separated  into  individual  plants,  shows  rapid  root 
regeneration.2  Plants  could  conceivably  be  shipped 
and  machine-planted  as  a  continuous  strip,  sepa- 
rated only  before  insertion  into  the  soil.  The  advan- 
tages of  NFT  culture  over  other  growing-on  methods 
are: 

1.  Precise  control  of  plant  nutrition  and  control  of 
diseases  and  insects  are  possible  through  the  use  of 
nutrient  solutions  containing  systemic  pesticides. 

2.  Continuous  recirculation  allows  complete  use 
of  fertilizer  and  minimum  evaporation  loss  of  water. 

3.  Root  temperatures  can  be  precisely  specified 
and  maintained. 

4.  Optimal  nutrition  and  root  temperature  result 
in  better  growth  rates. 

Gutter  and  other  equipment  for  NFT  system  are 
now  commercially  available. 

Another  possible  advantage  of  shoot  apex  propa- 
gation is  the  production  of  pathogen-free  plants.  In 
standard  propagation  of  plants,  the  shoot  tip  is  dis- 
sected down  to  an  apex  1-  to  2-mm  tall,  which  con- 
sists of  the  apical  dome  and  several  pairs  of  leaf 
primordia.  If  the  explant  is  made  smaller  (between 
0.05-  and  1.0-mm  tall),  a  pathogen-free  plant  may 


2Personal  communication  with  A.  J.  Cooper. 


be  produced  (ten  Houten  et  al.  1968).  The  culturing 
of  the  apical  dome  alone  makes  possible  the  produc- 
tion of  plants  free  from  fungi,  bacteria,  viruses,  vi- 
roids,  mycoplasmas,  spiroplasmas,  and  rickettsias. 
These  organisms  cause  plant  disease  and  thus  re- 
strict the  growth  and  productivity  of  the  host  plant. 
The  apical  dome  is  one  of  the  few  parts  of  the  growing 
plant  that  may  be  free  of  these  organisms.  Pathogen- 
free  plants  will  grow  rapidly  after  they  are  field- 
planted  until  they  become  naturally  reinfested.  The 
increased  growth  rate  after  planting,  however,  may 
be  critical  to  the  survival  and  subsequent  growth  of 
the  plant.  Plants  so  produced  could  also  meet  the 
pathogen-free  requirements  encountered  in  the  in- 
ternational exchange  of  plant  material,  an  impor- 
tant part  of  many  tree  improvement  programs. 

Apex  propagation  is  usually  easiest  with  both  her- 
baceous and  woody  plants  whose  cuttings  can  be  rooted 
without  difficulty  (Murashige  1974).  This,  however, 
does  not  mean  that  only  "easy"  plants  can  be  prop- 
agated by  these  techniques.  The  shoot  apex  is  prob- 
ably the  most  totipotent  part  of  the  growing  plant, 
second  only  to  the  embryo  of  the  seed  or  a  young 
seedling.  Indeed,  recent  success  in  producing  shoots 
from  callus  cultures  of  white  spruce  and  Douglas-fir 
has  depended  on  the  use  of  excised  embryos  or  hy- 
pocotyls  of  young  seedlings  (Campbell  and  Durzan 
1975).  The  advantage  of  using  excised  shoot  apices 
is  that  they  can  be  collected  from  mature  trees  se- 
lected for  their  observable  desirable  characteristics. 
The  use  of  excised  embryos  or  seedling  parts  depends 
on  the  assumption  that  they  will  retain  the  desired 
characteristics  of  the  parent  tree. 

Because  of  the  totipotency  of  the  shoot  apex,  prop- 
agation should  be  possible  in  a  wide  range  of  woody 
plants.  With  further  experimentation,  these  tech- 
niques can  possibly  be  applied  to  other  hardwood 
species  and  perhaps,  in  time,  to  the  conifers,  for  which 
standard  methods  of  vegetative  propagation  have  not 
been  very  successful. 

Shoot  apex  culture  offers  the  possibility  of  rapid, 
large-scale,  clonal  propagation  of  plants.  This  can  be 
done  in  a  relatively  small  amount  of  space,  thus  re- 
ducing propagation  costs.  However,  the  cost  of  prop- 
agating a  particular  plant  by  apex  culture  should 
first  be  compared  with  the  cost  of  propagating  the 
plant  by  existing  vegetative  means.  Where  the  time 
required  for  a  tree  to  reach  seed-producing  age  is 
long  and  where  standard  methods  of  vegetative  prop- 
agation may  not  be  successful  or  practical  on  a  large 
scale,  tissue  culture  (in  particular,  apex  culture)  may 
offer  a  solution. 
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CONTROLLED-ENVIRONMENT  CULTURE  OF 

POPULUS CLONES 


R.  Faltonson,  Research  Facilities  Supervisor, 
Forestry,  Iowa  State  University,  Ames,  Iowa 


Growing  Populus  in  the  greenhouse  presents  some 
challenges  not  ordinarily  faced  in  greenhouse  pro- 
duction of  horticultural  plants.  The  forestry  re- 
searcher is  often  confronted  with  problems  more 
common  to  nursery  container  production  than  to  typ- 
ical greenhouse  applications.  The  following  sections 
describe  equipment  and  procedures  that  have  been 
used  to  successfully  culture  Populus  clones  in  the 
greenhouse. 

Facilities 

Forest  researchers  at  Iowa  State  University  have 
use  of  9,000  square  feet  of  greenhouse  space  under 
glass  and  an  additional  2,800  square  feet  of  head- 
house  space.  The  portion  under  glass  is  divided  into 
14  bays  of  varying  dimensions,  with  7,600  square 
feet  of  usable  space.  The  headhouse  provides  office, 
laboratory,  storage,  and  utility  space. 

Each  of  the  bays  is  equipped  with  individual  cool- 
ers for  ventilation  and  cooling,  ridge  and  sidewall 
ventilation,  unit  heaters,  perimeter  radiation  heat, 
overhead  electrical  unistruts,  a  concrete  floor  and 
gutter  system,  and  movable  benches.  This  equip- 
ment is  described  in  detail  below: 

1.  Evaporative  coolers  of  varying  sizes  are  pro- 
vided individually  for  smaller  bays,  or  in  pairs  for 
larger  bays.  Effective  cooling  from  April  through 
September  is  essential  for  maintaining  tempera- 
tures suitable  for  plant  growth.  Poplars  respond  best 
to  day  temperatures  of  75°F  (24°C)  and  night  tem- 
peratures of  65°F  (18°C).  The  capacity  of  the  coolers 
is  frequently  insufficient  for  maintaining  these 
greenhouse  temperatures  when  outdoor  tempera- 
tures reach  or  exceed  85°F  (29°C).  Shading  the  glass 
with  a  spray-on  compound  is  used  to  compensate, 
but  temperatures  during  late  June  through  August 
are  ordinarily  too  high  for  studies  involving  growth 
responses. 

2.  Ridge  and  sidewall,  manually  operated,  sash 
ventilation  systems  are  essential  for  effective  air  cir- 


culation and  cooling.  Although  the  greenhouse  was 
designed  to  provide  adequate  air  exchange  using 
shutter-like  exhaust  vents  in  the  curtain  wall,  this 
has  proved  ineffective  without  supplementary  shad- 
ing. During  summer  the  ridge  vents  are  opened  suf- 
ficiently to  allow  warm  air  to  rise  and  escape,  when 
the  cool  air  from  the  evaporative  coolers  displaces 
it.  The  sidewall  ventilators  are  rarely  used,  except 
when  there  is  a  cooler  failure,  requiring  natural  cool- 
ing of  the  bay. 

3.  Pressurized  steam  unit  heaters  are  used  during 
the  cold  months  for  a  thermostatically  controlled 
source  of  heat.  The  unit  heaters  are  thermostatically 
interconnected  with  the  cooling  system  to  provide  a 
reasonably  constant  temperature.  Equally  impor- 
tant is  the  function  of  the  heater  fan  in  providing 
air  movement.  The  unit  heaters  are  hung  overhead 
(9  feet),  with  a  horizontal  air  draft  that  provides 
critical  air  circulation  during  both  summer  and  win- 
ter, although  during  summer  the  steam  lines  remain 
closed.  During  sub-zero  weather  this  mixing  prop- 
erty of  the  unit  heater  is  especially  evident.  On  days 
when  outdoor  temperatures  drop  to  zero  or  below, 
the  unit  heaters  are  unable  to  provide  sufficient  air 
movement  below  the  benches.  Air  stratification  may 
result  in  temperature  differences  of  30  to  40°F  (-1.1 
to  +  4.4°C)  from  the  bay  floor  to  the  bench  level  of 
40  inches  (100  cm).  Adequate  temperatures  normally 
can  be  maintained  at  the  plant  level,  but  irrigation 
hoses  will  freeze  at  the  floor  level.  This  points  out 
the  importance  of  raised  benches  for  plant  growth 
under  acceptable  temperatures.  The  complication  that 
arises  from  trying  to  compensate  for  stratification  is 
that  trees  grown  on  the  raised  benches  have  limited 
space  for  height  growth.  They  may  either  grow  be- 
yond the  artificial  light  source,  or  if  directly  in  the 
path  of  the  unit  heater,  suffer  desiccation  from  the 
warm  air  flow.  Additionally,  mite  populations  may 
prosper  on  tall  trees  in  line  with  the  warm  air  move- 
ment. This  problem  can  be  alleviated  by  growing 
trees  during  more  favorable  growing  periods,  or  by 
keeping  taller  trees  out  of  areas  in  the  bay  subject 
to  this  warm  air  blast. 
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4.  Perimeter  hot  (finned  radiation)  heat  is  used  as 
a  constant  heat  source.  The  amount  is  regulated  by 
an  outside  thermostat  that  calls  for  additional  heat 
to  supplement  the  unit  heater  when  temperatures 
fall.  Heat  from  this  source  alone  is  not  sufficient  to 
keep  bay  temperatures  at  a  desired  level.  It  does  aid 
in  supplying  a  more  uniform  heat  for  the  bays  and 
is  the  sole  source  of  heat  in  the  headhouse. 

5.  Overhead  electrical  unistruts  provide  struc- 
tural support  for  artificial  lighting,  and  electrical 
outlets  for  lights  and  instruments. 

6.  Floors  are  concrete  with  a  gutter  and  sump 
system  at  the  lower  end  of  a  slight  slope  to  provide 
drainage  of  irrigation  water.  Although  concrete  makes 
maintaining  humidity  somewhat  more  difficult,  this 
liability  is  more  than  offset  by  its  ease  of  cleaning, 
an  important  factor  in  successful  sanitation.  Also  it 
is  easier  to  move  benches  on  rollers  on  concrete  than 
on  gravel  or  packed  earth. 

7.  Movable  benches  are  used  in  most  studies  to 
facilitate  changing  bench  patterns  within  the  bays, 
cleaning  bay  floors,  gaining  access  to  overhead  struc- 
tures and  equipment,  and  transporting  plant  ma- 
terials from  one  location  to  another.  Each  bench  is 
constructed  of  galvanized  pipe  with  5-inch  casters 
for  wheels.  The  bench  top,  a  4-inch-high  box,  is  con- 
structed of  redwood  with  inside  dimensions  of  2.5  by 
6  feet.  The  bench  also  has  a  redwood  pallet  at  12 
inches  above  the  floor,  which  is  useful  for  hardening 
succulent  materials  in  partial  shade  before  placing 
them  on  top  of  the  bench. 

Sanitation 

Proper  sanitation  is  the  key  to  any  greenhouse 
operation.  The  following  rules  should  be  observed: 

1.  Keep  floors  clean  and  free  from  algae.  Period- 
ically scrub  with  soap  and  water,  then  hose  with  a 
high-pressure  nozzle.  When  weather  permits  vent- 
ing of  sidewall  and  ridge,  sanitize  by  scrubbing  with 
soap  and  water;  then  apply  a  dilute  bleach  mixture 
(1  pint  bleach  to  8  quarts  water)  with  a  watering 
can. 

2.  Periodically  scrub  benches  with  soap  and  water. 
Follow  up  with  a  rinse  of  dilute  bleach,  allow  to  stand 
for  a  few  minutes,  then  rinse  off. 

3.  Keep  leaves  that  have  fallen  into  pots  or  bench 
tops  picked  up.  Remove  weeds  that  become  estab- 
lished in  pots  or  benches. 


4.  Avoid  splashing  soil  particles  around  when 
cleaning  or  watering.  (This  is  another  advantage  of 
elevated  benches.) 

5.  Hang  up  hose  ends.  If  the  breaker  comes  in 
contact  with  the  floor,  be  sure  to  clean  it  prior  to 
using  for  irrigation. 

6.  Use  sterile  tools  when  mixing  soils.  A  dilute 
formaldehyde  solution  (1:18)  works  well.  Keep  un- 
sanitary tools  and  unwashed  hands  out  of  containers 
full  of  soil. 

7.  Use  a  sterile  soil  medium. 

8.  Keep  pots  and  flats  sanitary.  Wash  them  thor- 
oughly after  use.  Do  not  store  cleaned  containers 
near  used  and  contaminated  containers. 

9.  Provide  good  air  circulation.  This  seems  to  be 
particularly  important.  For  example,  it  is  standard 
practice  to  have  only  12  2-gallon  (8-inch)  containers 
on  a  2.5-  x  6-foot  bench.  Considerably  closer  spacing 
is  acceptable  when  trees  are  getting  started,  but  space 
them  out  amply  when  they  begin  touching  each  other. 
This  not  only  provides  a  less  desirable  environment 
for  pathogens,  but  aids  in  miticide  application  by 
allowing  more  thorough  coverage. 

Pest  Control 

The  most  sensible  approach  to  greenhouse  pest 
management  is  to  effectively  control  pest  popula- 
tions while  minimizing  human  health  hazard.  With 
this  in  mind,  many  of  the  traditional  pesticides  have 
been  withdrawn  from  use  with  no  apparent  backslide 
in  control  effectiveness. 

In  Populus  culture,  spider  mites  are  the  major 
pest.  Effective  control  can  be  accomplished  with  Pen- 
tac  miticide  (Pentachloro-2,  4-Cyclopentadien-l-yl). 
Dosage  rates  of  2  level  teaspoons  per  gallon  of  water, 
plus  an  added  surfactant  such  as  Triton  B-1956 
spreader-sticker  at  teaspoon  per  gallon,  have  proved 
effective  with  no  apparent  phytotoxicity.  Application 
with  a  3-gallon,  hand-operated  pressure  sprayer  is 
adequate.  However,  a  gasoline-powered  KWH  Knap- 
sack Mistblower/Duster  will  improve  coverage  and 
reduce  application  time.  Label  regulations  should  be 
rigorously  followed,  of  course. 

Sanitation,  pest  control,  and  adequate  air  circu- 
lation are  interrelated.  During  summer,  whenever 
possible,  remove  all  plant  materials  from  a  bay.  Clean 
thoroughly  as  previously  described,  spray  with  an 
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ovicide,  and  allow  the  bay  to  "dry  out"  for  2  or  more 
weeks. 

Soiless  Mix 

Soiless  mixes  get  around  the  problem  of  obtaining 
uniform  soil  from  year  to  year,  plus  the  associated 
complications  of  residual  herbicides  or  high  salt  con- 
tent in  field  soils.  Originally,  we  selected  a  soiless 
mix  using  two  parts  Jiffy-Mix  and  one  part  coarse- 
grade  horticultural  perlite.  We  later  tested  this  ratio 
against  several  other  combinations  of  Jiffy-Mix  to 
perlite  (1:0,  1:1,  2:1,  3:1,  and  0:1),  with  and  without 
Mag- Amp  slow-release  fertilizer.  The  results  showed 
clearly  that  a  ratio  of  2:1  with  Mag- Amp  is  superior. 

Soiless  mixes  provide  the  researcher  with  several 
advantages: 

1.  Precise  repeatability  of  growth  medium  for  re- 
search. 

2.  A  sterile  medium  with  no  potential  for  herbi- 
cide, weed  seed,  insect,  or  pathogen  contamination. 

3.  Expensive  steam  or  electric  sterilization  equip- 
ment is  unnecessary,  because  the  mix  is  sterile  when 
purchased. 

4.  Toxicity  problems  that  often  accompany  con- 
ventional sterilization  processes  are  avoided. 

5.  Ease  in  preparation,  which  again  economizes 
labor  and  time. 

6.  Light  in  weight,  allowing  fairly  large  trees  and 
containers  to  be  moved  without  back-breaking  effort. 

7.  Problems  of  salt  accumulation  are  minimal  due 
to  the  looseness  of  the  mixture  and  free  drainage. 

8.  Excellent,  uniform  air-water-particle  relation. 

9.  Ease  of  storage.  Roughly  50  8-inch  containers 
can  be  filled  with  a  single  batch  of  soiless  mix.  This 
involves  two  bags  of  Jiffy-Mix  and  one  bag  of  perlite. 
An  adequate  supply  can  be  stored  in  a  comparatively 
small  space,  without  special  holding  bins  as  would 
be  necessary  for  soil. 

10.  Season-to-season  mix  uniformity  allows  a 
standardized  fertilization  program.  Trace  elements, 
plus  N-P-K  in  small  amounts,  are  included  in  the 
mix. 


The  soiless  mix  is  prepared  by  sterilizing  a  portion 
of  a  bay  floor.  Two  bags  of  Jiffy-Mix  and  one  bag  of 
perlite  are  then  dumped  onto  the  floor.  (Jiffy-Mix  and 
perlite  are  obtained  in  4-cubic-foot  bags.)  Terra-Lite 
brand  perlite  is  used,  because  the  coarse  grade  has 
larger  particle  size  than  some  other  brands.  Perl-Gro 
is  another  brand  that  has  been  used.  Some  brands 
have  a  smaller  particle  size,  in  fact  rather  fine,  and 
do  not  provide  the  proper  knit.  They  tend  to  drain 
too  fast  as  a  mix,  thus  they  do  not  retain  nutrients 
well  and  must  be  fertilized  more  frequently.  Medium 
granual  Mag-Amp  (7-40-6)  at  a  rate  of  2.95  Kg  (6.5 
pounds)  per  12  cubic  feet  is  then  added  to  the  pile. 
The  components  are  then  mixed  thoroughly  with  a 
sterile  shovel.  Both  the  Jiffy-Mix  and  perlite  have  a 
lot  of  fine  dust-like  particles  that  can  get  into  eyes 
or  impair  breathing.  It  is  a  good  idea  to  wear  a  dust 
mask  or  respirator  and  goggles  when  pouring  out 
and  mixing  the  components.  Also,  any  fans  that  could 
pick  up  the  dust  should  be  turned  off. 

Pots  and  Potting 

After  thoroughly  blending  the  soiless  mix  com- 
ponents, pots  and  potting  is  the  next  consideration. 
A  1-quart  aluminum  scoop  is  ordinarily  used,  al- 
though a  bleach  bottle  cut  to  a  scoop  shape  also  works 
nicely.  Bronze  screening  material  is  cut  into  1.25- 
inch  squares  and  placed  over  the  drainage  holes  of 
the  containers.  The  copper  in  the  bronze  alloy  helps 
keep  the  roots  from  escaping  the  pot  when  plants 
are  grown  for  long  periods.  Aluminum  screening  can 
be  used  for  short-duration  studies,  but  should  not  be 
used  for  plants  grown  more  than  2  months.  Enough 
potting  medium  is  put  in  the  container  to  fill  it  to 
within  1  inch  of  the  top.  The  peat  fraction  of  the  soil 
mix  is  difficult  to  wet,  so  at  this  stage,  the  container 
should  be  watered  two  or  three  times  to  settle  the 
mix  and  provide  uniform  wetting.  Settling  should  be 
to  about  2  inches  from  the  top  of  the  pot,  so  that  an 
adequate  amount  of  water  can  be  applied  during  ir- 
rigation to  permit  drain-through  without  floating  out 
the  perlite  or  washing  out  other  medium  compo- 
nents. Some  of  the  soil  should  be  scooped  out  (with 
clean  hands)  to  provide  a  cavity  for  the  young  tree; 
after  planting,  water  again  lightly  to  settle  the  soil 
and  clean  up  the  container. 

For  most  studies,  and  particularly  for  stock  plants 
that  may  be  grown  3  to  4  months,  an  8-inch,  2-gallon 
plastic  pot  is  suggested.  Polyethylene  field  contain- 
ers are  light,  durable,  and  reusable.  Individual  pref- 
erences vary  concerning  the  use  of  plastic  pots  rather 
than  clay.  Although  clay  pots  are  porous,  allowing 
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better  aeration,  they  also  dry  out  faster  and  tend  to 
encourage  root  growth  along  the  sides  of  the  pot  rather 
than  uniformly  throughout.  With  soiless  mixes  aer- 
ation is  provided  by  the  loose  properties  of  the  me- 
dium. Plants  in  clay  pots  require  watering  1.5  to  2 
times  more  often  than  plants  of  the  same  size  grown 
in  plastic  containers  (Ball  1975).  All-purpose,  all- 
weather,  heavy-duty  polyethylene  containers  are 
available  in  sizes  ranging  from  1  quart  to  7  gallons. 
Having  several  sizes  on  hand  will  meet  the  changing 
needs  of  a  research  greenhouse. 

Irrigation  and  Fertilization 

Because  of  the  loose  properties  of  soiless  growth 
media,  watering  is  not  as  critical  as  it  would  oth- 
erwise be.  But  do  not  allow  this  to  permit  laxity  in 
one  of  the  most  important  phases  of  plant  growth. 
Timely  irrigation  according  to  plant  size,  light,  tem- 
perature, and  air  circulation  is  still  extremely  im- 
portant. Ironically,  one  of  the  most  difficult  things 
for  the  greenhouse  manager  to  get  across  to  his  or 
her  help  is  the  importance  of  proper  irrigation.  Here 
is  where  the  free-draining  property  of  the  soilese 
growth  medium  is  perhaps  most  valuable. 

Too  little  water  applied  too  frequently  will  not 
allow  the  soil  to  become  uniformly  moist.  It  also  will 
reduce  oxygen  penetration  to  the  root  system.  Enough 
water  should  be  applied  to  allow  a  small  amount  to 
drain  from  the  pot.  This  flushing  will  leach  out  any 
salt  accumulation  and  ensure  uniform  moistening  of 
the  soil.  Plant  size  and  "drying  down"  characteristics 
provide  the  best  information  on  how  often  to  water. 
Many  of  the  larger  stock  plants  may  require  irri- 
gation twice  daily.  A  good  practice  is  to  water  thor- 
oughly in  the  morning,  then  follow  up  in  the  after- 
noon where  needed.  About  a  6-hour  interval  should 
be  allowed  between  irrigations. 

How  the  water  is  applied  is  also  important.  The 
nature  of  the  soiless  mix  will  indicate  whether  it  is 
being  done  correctly.  The  perlite  of  the  upper  inch 
or  so  of  the  mix  will  float,  and  when  it  floats  uni- 
formly from  side  to  side,  enough  water  has  been  ap- 
plied. If  it  floats  out  or  is  washed  out  by  a  sideways 
direction  of  the  hose  and  water  breaker,  the  plant  is 
being  improperly  watered.  The  rate  of  water  flow 
from  the  breaker  should  be  adjusted  to  avoid  wash- 
ing the  mix  from  the  pot  and  the  breaker  should  be 
held  above  the  pot  and  aimed  downward.  Watering 
with  too  much  force  from  the  side  will  wash  out  the 
mix,  distribute  it  unevenly  within  the  pot,  and  create 
a  sanitation  problem  on  the  bench.  Irrigating  until 


the  perlite  "floats"  may  be  a  little  difficult  to  judge 
at  first.  Stating  this  more  precisely,  1  liter  of  water 
should  be  applied  to  a  2-gallon  container. 

Although  frequency  of  irrigation  could  be  varied 
for  individual  plants,  a  happy  medium  is  normally 
sought  to  avoid  complicated  and  time-consuming  ad- 
justments. Fertilization  includes  the  Mag- Amp  slow- 
release  fertilizer  mentioned  in  the  soiless  mix  section 
for  a  constant  supply  of  nutrients.  To  complement 
this  a  Peters  20-20-20  water-soluble  fertilizer  is  ap- 
plied while  irrigating  with  a  1:24  proportioner,  a 
device  that  meters  liquid  fertilizer  into  a  hose  or 
irrigation  system.  One  pound  of  this  fertilizer  is  di- 
luted in  5  gallons  of  water  to  provide,  after  the  1:24 
proportioning,  a  200  ppm  N,  88  ppm  P,  and  166  ppm 
K  nutrient  boost.  This  is  applied  twice  a  week  during 
favorable  growing  conditions,  and  once  a  week  dur- 
ing cloudy  winter  months  when  watering  is  less  fre- 
quent and  salt  accumulation  becomes  a  threat. 

Chelated  iron  is  applied  once  a  week  and  micro- 
nutrients  are  provided  at  about  the  12-week  stage 
of  growth,  or  when  deficiencies  are  noted.  To  avoid 
a  precipitate,  use  distilled  water  for  mixing  the  che- 
lated iron  and  N-P-K  fertilizers  in  the  5-gallon  stock 
solution.  Chelated  iron  is  added  at  2  ml  per  liter 
applied  to  the  plant,  or  about  900  ml  per  5  gallons 
stock  solution.  Micrunutrients  are  added  at  1  ml  per 
liter  applied.  Half  concentrations  are  provided  newly 
planted  rooted  cuttings  for  the  first  2  weeks.  This  is 
accomplished  by  saving  these  applications  until  most 
of  the  stock  solution  has  been  used,  then  simply  add- 
ing enough  water  to  double  the  existing  volume.  Any 
conifers  in  the  greenhouse  will  also  do  better  with 
this  100  ppm  N  concentration. 


FeEDTA  (Chelate  of  Iron  Stock  Solution) 

Compound 

Iron  (II  Sulfate 
FeS04x7H2) 

Ethylenediaminetetraacetic  acid 
EDTA 

Sodium  hydroxide 
NaOH 

Mixing  Apparatus 


1.  4,000  ml  beaker. 

2.  Magneticstirrer  (use  long  rod  magnets). 

3.  Aeration  tube  and  tubing. 


1  ml/I  =  5  ppm 

(g/D        (g/4 1) 

24.9  99.6 

26.1  104.4 

10.5  42.0 
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One-liter  Preparation 

1.  Set  up  beaker  on  magnetic  stirrer. 

2.  Fill  beaker  with  approximately  900  ml  dis- 
tilled water. 

3.  Insert  stirring  rod. 

4.  Add  24.9  g  FeS04  and  26.1  g  EDTA. 

5.  Attach  air  tubing  to  air  supply;  couple  tube 
with  glass  tubing  and  insert  into  beaker. 

6.  Gently  aerate  while  mixing  with  magnetic 
stirrer  for  1  hour  before  adding  NaOH. 
Aerate  at  rate  that  minimizes  spattering. 

7.  Add  10.5  g  NaOH. 

8.  Add  water  to  bring  to  1,000  ml. 

9.  Continue  aeration  for  3  hours. 

10.  After  the  3  hours,  adjust  pH  to  5.0  for  better 
storage  characteristics.  Normally  involves 
adding  additional  NaOH. 

11.  Continue  aeration  and  stirring  overnight,  or 
for  several  hours. 

12.  A  clear,  coffee-colored  solution  should  be  the 
final  result.  Store  under  refrigeration. 

Micronutrient  Stock  Solution 


Compound 

H,B03 

MnCI2x4H20 

ZnS04x7H20 

CuS(Lx5H20 

H2Mo04xH20 


Grams 

dissolved  in 

1  liter  H20 

Boric  Acid 

2.86 

Manganese  Chloride 

1.81 

Zinc  Sulfate 

0.22 

Copper  Sulfate 

.08 

MolybdicAcid 

.02 

(assaying  85  percent 
Mo03) 

Magnesium  Sulfate 

.20 

MgS04x7H20 


Add  1.0  ml  of  this  stock  solution  for  each  liter  of 
water  applied. 


Element 

B 

Mn 

Zn 

Cu 

Mo 


Ppm  for  lliter 
nutrient  solution  applied 

0.50 
.50 
.05 
.02 
.01 


Lighting 


Lighting  consists  of  a  very  basic  system  of  alter- 
nating incandescent  and  fluorescent  fixtures.  Spac- 
ing is  approximately  3  feet  apart,  with  the  lamp  7 
feet  from  the  floor  and  4  feet  from  the  bench  surface. 


Illuminance  is  only  sufficient  to  extend  the  photo- 
period  and  prohibit  dark  respiration,  it  is  insufficient 
for  active  photosynthesis.  The  system  provides  for 
an  18-hour  photoperiod  from  6:00  a.m.  until  12:00 
midnight. 

Miscellaneous  Cultural 
Suggestions 

Staking  is  necessary  after  about  2  weeks'  growth. 
Without  staking,  and  in  the  absence  of  winds  to  pro- 
vide an  environmental  stimulus  for  initiating  sup- 
porting fibers,  the  tree  will  grow  over  to  one  side. 
Increased  branching  will  accompany  this  procum- 
bent form.  Four-foot  bamboo  cane  stakes  are  used, 
with  "twist-em"  ties  located  as  necessary  to  provide 
support.  Tie  loosely  and  check  frequently  to  avoid 
constricting  the  expanding  stem. 

A  time-saver  in  applying  miticides  is  to  spray  only 
the  bottom  two-thirds  of  the  tree  when  it  gets  about 
3  feet  high.  This  can  be  done  because  normally  the 
tree  will  grow  faster  than  the  mites  can  migrate 
upward.  It  also  provides  an  advantage  in  that  the 
new,  more  succulent  growth  is  not  subjected  to  po- 
tentially phytotoxic  chemicals. 

The  soiless  mix  cultural  system  described  in  this 
section  allows  essentially  all  clones  to  be  treated 
alike,  thus  vastly  reducing  management  complexi- 
ties. The  system  not  only  works  well  with  all  Populus 
clones,  but  with  most  other  woody  plants  as  well, 
except  conifers.  They  just  do  not  do  well  with  the 
soiless  mix  suggested.  About  the  only  exception  to 
the  blanket  applicability  of  this  system  to  Populus 
is  with  Tristis  #1  (NCFES  5260).  It  does  not  require 
as  much  water  for  some  reason,  which  in  turn  means 
it  does  not  need  to  be  fertilized  as  frequently.  When 
fertilized  like  the  rest,  however,  it  does  not  seem  to 
suffer. 

Temperatures  fluctuate  diurnally  between  75°F  day 
and  65°F  night  as  a  normal  reaction  to  light  and 
dark  periods.  It  has  never  been  necessary  to  daily 
set  and  reset  the  thermostats  of  each  individual  bay. 

Watering,  potting,  and  potting  mixes  described  for 
greenhouse  use  are  equally  suitable  for  growth-room 
culture  of  poplar  clones.  Nutriculture  techniques  for 
the  production  of  uniform  poplars  have  been  de- 
scribed by  Dykstra  (1972),  but  are  not  routinely  used 
for  rapid-selection  purposes. 
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USE  OF  CONTROLLED-ENVIRONMENT  AND 

STATISTICAL 
TECHNIQUES  TO  MAXIMIZE  DISCRIMINATION 

AMONG  CLONES 

H.  Zuuring,  Assistant  Professor,  School  of  Forestry, 

University  of  Montana,  Missoula,  Montana, 

P.  Wray,  Assistant  Professor,  Department  of  Forestry, 

Iowa  State  University,  Ames,  Iowa, 

L.  Promnitz,  Head,  Forest  Biometry  Research, 

Crown  Zellerbach  Corporation,  Wilsonville,  Oregon, 

and  J.  C.  Gordon,  Head,  Department  of  Forest  Science, 

Oregon  State  University,  Corvallis,  Oregon 


On  the  basis  of  several  studies,  we  have  estab- 
lished principles  for  deriving  best  estimates  of  growth 
potential  differences  for  poplar  clones  from  con- 
trolled environment  studies.  These  are: 

1.  Environments  that  are  most  favorable  for  growth 
expose  greatest  differences  among  clonal  growth 
potentials.  Thus,  long  photoperiods,  higher  light 
intensities,  and  rich  nutrient  and  water  regimes 
are  preferred. 

2.  For  estimating  environmental  stability  (the  abil- 
ity of  a  given  clone  to  grow  similarly  under  a 
wide  range  of  environments),  the  use  of  a  few, 
widely  divergent  environments  is  preferred  to 
the  use  of  a  larger  number  of  similar  environ- 
ments. 

3.  With  limited  controlled-environment  capacity,  the 
number  of  clones  should  be  increased  at  the  ex- 
pense of  a  larger  number  of  environments  in  se- 
lection trials.  At  least  three  environments  must 
be  included  if  estimates  of  environmental  stabil- 
ity are  to  be  calculated,  however.  Three  to  five 
replications  per  clone  and  environment  are  needed 
for  materials  as  variable  as  the  poplar  clones  used 
in  these  studies. 

4.  Selection  efficiency,  both  in  resource  and  statis- 
tical terms,  increases  with  the  number  of  clones 
included  in  a  given  trial. 

5.  In  a  time  series  of  selection  trials,  a  minimum 
of  one  common  clone  should  be  included  in  all 
trials  as  an  internal  standard.  Internal  standard 
clones  should  be  good  growers  that  are  environ- 
mentally stable. 

6.  Elaborate  environmental  control  systems  are  not 
necessary  for  early  selection  trials  of  the  kind 
described  here,  in  that  no  attempt  to  simulate 


"field"  environments  is  called  for.  Repeatability 
and  reliability  are  more  important  than  varying 
environmental  parameters  over  wide  ranges  or 
establishing  elaborate  temporal  programs. 

7.  Photoperiod  and  temperature,  manipulated  for 
plants  optimally  supplied  with  nutrients  and  wa- 
ter, can  provide  sufficient  environmental  differ- 
ence to  expose  the  relative  environmental  sta- 
bilities of  several  clones.  For  stability  across 
nutrient  and  water  potential  gradients,  clones 
should,  of  course,  be  evaluated  in  environments 
differing  in  these  parameters.  Stability  to  specific 
pathogen  levels  could  probably  be  evaluated  in 
the  same  way. 

8.  At  least  6  weeks  are  required  to  conduct  selection 
trials  in  controlled  environments,  assuming  clones 
are  rooted  and  established  in  pots  at  the  begin- 
ning. 

9.  Height  is  not  well-correlated  with  other  growth 
variables  (e.g.,  leaf  area,  dry  weight)  as  a  rule. 
Thus,  if  ability  to  accumulate  dry  weight  is  of 
interest,  dry  weight  must  be  measured — i.e.,  it 
probably  cannot  be  predicted  accurately  from 
height  measurements. 

10.  Total  dry  weight  accumulation  over  the  trial  pe- 
riod appears  to  be  the  single  best  predictor  of  field 
growth  potential. 

Two  iterations  of  controlled-environment  selec- 
tion trials  for  field  growth  potential  are  described 
below.  The  data  from  both  are  used  to  calculate  se- 
lection indices.  The  outcome  of  the  trial  is  a  ranking 
according  to  estimated  growth  potential.  Any  subset 
of  the  ranked  test  group  can  be  chosen  for  field  trial. 
The  smaller  the  subset,  the  greater  will  be  the  chance 
of  excluding  good  clones  and  including  bad  ones. 
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Steps  in  a  generalized  trial  are: 

1.  Decide  upon  specific  objectives,  and  choose  en- 
vironments and  measurements. 

2.  Assemble  and  propagate  plant  material. 

3.  Grow  and  measure  clones  in  controlled  environ- 
ment. 

4.  Analyze  variances  to  see  if  clones  differ. 

5.  Rank  clones  by  mean  performance. 

6.  Do  "distance"  multivariate  analyses. 

7.  Do  "environmental  stability"  analyses. 

8.  Choose  clone  subset  for  field  trials. 

9.  Do  field  trials. 

10.  Calculate  field/controlled-environment  correla- 
tions for  use  in  future  selection  trials. 

Controlled-Environment 
Trial  I 

Twenty-five  Populus  clones  were  chosen  from  those 
gathered  by  the  Maximum  Yield  Project  of  the  North 
Central  Forest  Experiment  Station  for  possible  use 
in  field  trials  (table  1).  No  particular  mix  of  paren- 
tage or  origin  was  chosen;  for  some  clones  (e.g.,  5258), 
no  reliable  information  on  lineage  was  available. 
(Clones  2  and  19  probably  are  the  same;  this  was 
discovered  after  all  the  data  were  analyzed.) 

In  all  three  environments  (Greenhouse  I,  Green- 
house II,  Growth  Chamber),  apical  cuttings  rooted 
under  mist  were  grown  in  2-gallon  plastic  pots  con- 
taining a  3:1  Jiffy-Mix:perlite  artificial  substrate. 
The  growth  chamber  environment  had  the  following 
characteristics:  growth  period,  6  weeks;  photoperiod, 
18  hours  (in  Percival,  Model  PT-80  growth  cham- 
bers); and  temperature,  25°C  day  and  15°C  night. 
The  growth-chamber  environment  had  the  least  var- 
iation in  photoperiod,  light  intensity,  and  tempera- 
ture. Greenhouse  II  had  a  much  higher  temperature 
and  a  longer  natural  light  photoperiod  than  did 
Greenhouse  I.  Light  intensities  were  highest  in 
Greenhouse  II  because  of  seasonal  changes  in  solar 
position..  In  both  greenhouse  experiments  natural 
photoperiod  was  supplemented  with  additional  ar- 
tificial light  to  extend  day  length  to  18  hours. 

The  plants  were  placed  on  benches  in  the  green- 
house and  in  growth  chambers  at  random. 

Growth  rates  were  determined  from  weekly  total 
leaf  counts  and  total  height  measurements  (cm),  be- 
ginning with  initial  measurements  when  the  rooted 
cuttings  were  removed  from  the  propagation  bench. 
Leaf  ovendry  weight  (g)  and  stem  ovendry  weight 
(g)  were  determined  at  the  end  of  the  growth  period. 
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Table  1.- 

-Populus  clones  included  in  trials 

lowa  State 

University 

North  Central  Forest 

clone 

Experiment  Station 

number 

number 

Name  and  parentage 

1 

4877 

Populus  alba  I. 

2 

4878  (5327)  Populus  x  euramericana  Gui- 

nier  (deltoides*  nigra) 

3 

4879 

Populus  x  euramericana  Gui-  i 
nier 

4 

5258 

Populus  sp. 

5 

5262 

Populus  candicansM.  x  Pop--\ 
ulusberolinensisD'w. 

6 

5263 

Populus  candicansNX.  x  Pop- 
ulus berolinensisDipp. 

7 

5264 

Populus  deltoides  Marsh.  n\ 
Populus  plantierensiih 
Schneid. 

8 

5265 

Populus  deltoides  Marsh.  >»! 

Populus  trichocarpa  Torr.  eiel 

Gray 
Populus  deltoides  Marsh.  >>! 

9 

5266 

Populus  trichocarpa  Torr.  eet: 

Gray 

10 

5267 

Populus  deltoides  Marsh.  )r 
Populus  caudina 

11 

5271 

Populus  charkoviensiiii' 
Schroed.  x  Populus  dehi 

to/tfes  Marsh. 

12 

5272 

Populus  nigra  L  x  Populuu: 
laurifolia  Ledeb. 

13 

5321 

Populus  x  euramericana  Gui  i 
nier 

14 

5322 

Populus  x  euramericana  Gui 
nier 

15 

5323 

Populus  x  euramericana  Gui 
nier 

16 

5324 

Populus  x  euramericana  Gui 
nier 

17 

5325 

Populus  x  euramericana  Gui 
nier 

18 

5326 

Populus  x  euramericana  Gui 
nier 

19 

5327  (4878)  Populus  x  euramericana  Gui 

nier 

20 

5328 

Populus  x  euramericana  Gui 
nier 

21 

5331 

Populus  betulafolia  Dipp. 
Populus  trichocarpa  Torr.  < : 

Gray 

22 

5332 

Populus  betulafolia  Dipp.   ; 
Populus  trichocarpa  Torr.  <  t 

Gray 

23 

5334 

Populus  deltoides  Marsh.  : 
Populus  trichocarpa  Torr.  ( t 
Gray 

24 

5260 

Populus  tristis  Fish .  x  Populi » 
balsamifera  L 

25 

5377 

Populus  x  euramericana  Gu  • 
nier,  "Wisconsin  Numbtr 
5" 

Results 

Clones  varied  greatly  in  all  growth  characteristics 
measured,  but  showed  some  consistency  when  com- 
pared across  the  three  test  environments.  Total  height 
and  dry  weight  of  leaves  and  stems  varied  widely 
among  clones  and  environments  (tables  2,  3,  and  4). 

When  all  clones  were  pooled,  mean  leaf  and  stem 
dry  weight  and  total  height  were  all  greatest  in 
Greenhouse  II  (table  5).  The  greater  total  solar  ra- 
diation due  to  longer  natural  daylight,  greater  av- 
erage light  intensity  during  the  longer  days,  and  a 
greater  proportion  of  clear  days  during  the  8-week 
growth  period  all  contributed  to  greater  growth  in 
this  environment.  The  growth  chamber  means  were 
smaller  than  the  greenhouse  means,  primarily  be- 
cause of  the  shorter  growth  period  (6  rather  than  8 
weeks),  but  also  because  of  lower  growth-chamber 
light  intensities.  Because  total  photoperiod  was  the 
same  in  all  three  environments,  photoperiodic  re- 
actions should  not  have  caused  differences  in  growth 
among  environments. 

Table  2. — Duncan's  new  multiple  range  test  for  sig- 
nificant differences  in  stem  dry  weight  for  the  three 
environments  (any  two  means  not  next  to  a  common 
line  are  significantly  different) 


Growth 
chambers 


Greenhouse  I 


Greenhouse  II 


Clone 

Mean            Clone 

Mean            Clone 

Mean 

Grams 

Grams 

Grams 

24 

7.96 

3 

18.80 

4 

32.49 

4 

6.71 

4 

18.01 

23 

31.89 

18 

6.68 

5 

17.58 

18 

31.28 

5 

6.65 

9 

17.32 

25 

30.88 

25 

6.62 

23 

15.40 

9 

27.97 

3 

5.95 

8 

14.73 

3 

27.25 

9 

5.91 

15 

14.57 

17 

24.81 

1 

5.83 

18 

14.42 

15 

23.82 

6 

5.78 

21 

14.31 

7 

23.54 

17 

5.55 

16 

14.19 

5 

23.16 

21 

5.46 

17 

14.14 

20 

22.78 

23 

5.33 

12 

14.13 

8 

22.19 

15 

5.32 

22 

13.52 

6 

20.62 

7 

4.95 

7 

13.46 

1 

20.23 

12 

4.94 

25 

12.64 

12 

19.51 

22 

4.91 

6 

12.10 

2 

18.88 

8 

4.77 

24 

12.01 

16 

18.11 

13 

4.66 

19 

11.54 

14 

18.08 

2 

4.47 

14 

11.35 

19 

17.34 

16 

4.30 

2 

10.35 

22 

17.26 

19 

3.98 

13 

10.15 

21 

16.43 

20 

3.38 

20 

8.39 

24 

15.51 

14 

3.27 

10 

6.91 

10 

10.47 

11 

3.20 

11 

6.87 

13 

10.25 

10 

2.57 

1 

6.12 

11 

7.38 

Table  3. — Duncan's  new  multiple  range  test  for  sig- 
nificant differences  in  leaf  dry  weight  for  the  three 
environments  (any  two  means  not  next  to  a  common 
line  are  significantly  different) 


Growth 
chambers 


Greenhouse  I 


Greenhouse  II 


Clone  Mean           Clone 

Mean           Clone 

Mean 

Grams 

Grams 

Grams 

9    22.37 

9 

32.49 

23 

54.88 

23    19.84 

8 

29.71 

9 

49.27 

8    19.52 

23 

29.59 

8 

45.46 

4    19.02 

4 

27.38 

7 

43.76 

25    18.63 

3 

27.28 

4 

42.99 

6    18.37 

I          7 

25.36 

15 

39.22 

18    17.75 

15 

24.36 

18 

39.01 

17    17.40 

5 

24.33 

17 

37.90 

5    16.96 

17 

23.86 

25 

37.27 

1     16.86 

18 

21.75 

3 

36.34 

7    16.77 

16 

21.50 

14 

34.63 

15    16.76 

14 

21.32 

5 

32.82 

12    16.06 

21 

21.22 

20 

31.44 

21     15.88 

12 

20.44 

1 

31.23 

24     15.51 

20 

20.41 

2 

30.69 

3    15.18 

19 

18.42 

19 

29.56 

20    14.85 

22 

18.31 

12 

28.73 

16    14.83 

2 

18.04 

6 

28.59 

13    14.28 

13 

17.95 

16 

28.26 

2    13.74 

25 

17.93 

21 

26.14 

22    13.60 

24 

17.40 

24 

22.07 

19    12.44 

6 

16.94 

22 

21.80 

14    12.09 

10 

13.00 

10 

18.59 

10    10.33 

1 

12.85 

13 

17.74 

11       7.90 

11 

9.91 

11 

11.45 

Within  each  environment  a  high  rank  for  one  var- 
iable did  not  necessarily  indicate  a  high  rank  for 
other  variables.  Moreover,  clonal  ranking  based  on 
individual  variables  or  sums  varied  from  environ- 
ment to  environment.  Further  analysis  beyond  sim- 
ple ranking  and  summing  was  necessary  to  indicate 
clearly  which  clones  had  the  greatest  juvenile  growth 
potential  and  stability  across  environments.  There- 
fore, growth  variables  for  clones  within  environ- 
ments were  subjected  to  analysis  of  variance,  and 
differences  among  clones  (for  each  growth  variable 
in  each  environment)  were  examined  by  use  of  Dun- 
can's new  multiple  range  test  (tables  2,  3,  and  4). 

Greenhouse  II  produced  the  greatest  number  of 
significant  differences  among  clones  in  stem  weight 
as  well  as  the  greatest  stem  weights  (table  2).  Seven 
clones  produced  significantly  greater  mean  stem 
weight  than  others  regardless  of  environment.  These 
seven  clones  (3,  4,  9,  17,  18,  23,  and  25)  may  be 
regarded  as  consistent  producers  of  heavy  stems  across 
all  environments. 
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Table  4. — Duncan's  new  multiple  range  test  for  sig- 
nificant differences  in  total  height  for  the  three  en- 
vironments (any  two  means  not  next  to  a  common 
line  are  significantly  different) 


Growth 
chambers 


Greenhouse  I 


Greenhouse  II 


Clone 

Mean           Clone 

Mean           Clone 

Mean 

cm 

cm 

cm 

5 

94.8 

5 

181.21           23 

192.8 

6 

86.9 

3 

163.4 

5 

188.8 

24 

85.5 

9 

158.2 

9 

180.0 

3 

82.1 

22 

157.6 

3 

172.1 

1 

81.9 

6 

156.4 

18 

171.6 

12 

80.7 

23 

155.9 

7 

170.6 

2 

79.7 

12 

151.0 

25 

170.4 

9 

79.0 

19 

144.0 

6 

170.2 

18 

78.9 

15 

141.8 

17 

169.5 

23 

78.6 

8 

141.4 

22 

167.7 

22 

78.1 

16 

140.8 

4 

166.6 

7 

77.0 

4 

140.4 

12 

164.9 

15 

76.5 

17 

137.9 

15 

160.6 

25 

75.6 

2 

136.8 

2 

160.0 

17 

75.2 

7 

135.4 

8 

156.4 

4 

75.1 

25 

134.2 

21 

154.2 

21 

74.9 

18 

130.5 

1 

153.8 

19 

72.8 

24 

124.4 

16 

147.9 

8 

71.9 

13 

121.8 

19 

142.6 

16 

65.5 

1 

120.9 

24 

134.7 

13 

65.4 

14 

117.5 

14 

133.4 

11 

64.3 

21 

115.2 

20 

124.6 

10 

58.6 

10 

110.3 

10 

118.7 

14 

55.6 

11 

104.8 

11 

112.6 

20 

49.9 

20 

97.9 

13 

108.8 

Clones  producing  the  greatest  total  leaf  weight 
were  also  consistent  for  all  three  environments  (ta- 
ble 3).  As  with  stem  weight,  Greenhouse  II  produced 
the  greatest  number  of  significant  differences  in  leaf 
weight.  Three  clones,  8,  9,  and  23,  constituted  the 
top  group.  Two  of  these  (9  and  23)  also  were  in  the 
top  group  for  all  environments  in  stem-weight  pro- 
duction. 

Total  height  analysis  presented  a  somewhat  dif- 
ferent picture.  Greenhouse  I  produced  the  greatest 
number  of  significant  differences  in  total  height  (ta- 
ble 4).  But  of  the  six  tallest  clones  in  Greenhouse  I, 
only  three  (3,  9,  and  23)  appeared  in  the  group  show- 
ing consistently  greatest  stem  weight,  and  only  two 
(9  and  23)  appeared  in  the  group  showing  consist- 
ently greatest  leaf  weight.  Thus,  high  potential  for 
weight  production  is  not  necessarily  related  to  high 
potential  for  height  growth. 

Leaf  number  increased  roughly  with  time;  there- 
fore, regressions  of  leaf  number  on  time  were  ex- 
amined to  see  if  rate  of  leaf  production,  as  indicated 


Table  5. — Averages  and  ranges  for  leaf  and  stem  weigh 
and  total  height  for  all  clones  pooled  in  each  en 
vironment 


Growth 
chambers 


Greenhouse  I    Greenhouse  II 


Leaf  weight 

Grams 

Mean 

15.79 

20.68 

32.79 

High 

22.37 

32.49 

54.88 

Low 

7.90 

5.82 

11.45 

Variance 

15.46 

39.92 

55.12 

Stem  weight 

— -Grams  — 

Mean 

5.18 

12.54 

21.29 

High 

7.96 

18.80 

32.49 

Low 

2.57 

3.04 

7.38 

Variance 

2.72 

15.10 

23.69 

Total  height 

■" -"i////™— — 

Mean 

74.3 

134.7 

155.7 

High 

94.8 

181.2 

192.8 

Low 

49.9 

82.5 

98.8 

Variance 

68.24 

25.79 

219.28 

by  the  slope  of  this  regression  line,  was  an  indicato 
of  final  weight  or  height  or  both.  If  it  were,  it  migh 
be  possible  to  reduce  or  eliminate  destructive  mea 
surement.  Again,  Greenhouse  II  produced  the  great 
est  slopes,  reiterating  the  generally  better  growin] 
conditions  in  this  environment.  There  was  little  con 
sistency,  however,  between  leaf  production  and  fina 
weight  and  (or)  height.  For  example,  clone  23,  on 
of  the  best  performers  in  terms  of  stem  and  leaf  weigh 
and  height  growth,  had  one  of  the  lowest  rates  o 
leaf  production. 

Controlled-Environment 
TWulII 

Growth  chamber  procedures 

The  experiment  was  conducted  in  Percival,  Mod* 
PT-80  growth  chambers.  The  average  light  intensit 
at  the  top  of  the  plant  crowns  was  maintained  s 
approximately  3,000  foot-candles.  The  relative  hi 
midity  was  not  controlled.  Plants  were  watered  t 
the  saturation  point  (water  dripping  out  the  pot  bol 
torn)  once  every  2  days.  Each  week  every  pot  wa 
flushed  with  demineralized  water  followed  by  20 
mis  of  the  prepared  nutrient-micronutrient  solutior 
The  temperature  was  controlled  to  within  ±  2°C  an 
the  photoperiod  to  within  ±  15  minutes.  Row  teir 
perature  treatments  with  day  temperatures  (D)  an 
night  temperatures  (N)  corresponding  to  light  an 
dark  (D)  portions  of  low  light  treatments,  making 
total  of  16  treatment  combinations,  were  randoml 
assigned  to  growth  chambers.  Temperature  treal 
ment  levels  were:  17D-5N,  23D-11N,  29D-17N,  35E 
23N;  light  treatment  levels  were:  12D-12N,  14D-10I* 
16D-8N,  18D-6N. 
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During  the  6  weeks  that  the  plants  remained  in 
the  chambers,  the  following  measurements  were  re- 
corded: total  number  of  leaves,  length  and  width  of 
every  leaf  to  the  nearest  0.1  cm,  total  plant  height 
to  the  nearest  0.1  cm  (HT),  and  basal  diameter  to 
the  nearest  0.1  mm  (DIA). 

When  the  plants  were  harvested  at  the  end  of  6 
weeks  the  following  measurements  were  also  re- 
corded: leaf  dry  weight  (LFWT),  stem  dry  weight 
(STMWT),  and  root  dry  weight  (RTWT).  Several  ad- 
ditional variables  were  calculated  from  these  latter 
three:  total  plant  weight  (TOTWT),  stem-to-root  ra- 
tio (SRR),  top-to-root  ratio  (TRR),  and  leaf,  stem,  and 
root  weight  ratios  (LWR,  SWR,  RWR). 

Leaf  surface  area  relations 

Many  direct  measurement  methods  to  obtain  leaf 
surface  area  are  available  (Sestak  et  al.  1971).  All 
of  them  involve  destroying  the  leaves  and  are  tedious 
and  time-consuming.  Therefore,  we  used  an  indirect 
method  that  involved  developing  regression  equa- 
tions using  leaf  length  (L)  and  width  (W)  to  predict 
leaf  area  (A). 


_  (fr-ft)'  XX  (frpj  _ 

k  =  number  of  parameters  in  joint  null  hypothesis 

under  test,  and 
n  =  number  of  observations  (Kempthorne  1972) 


and  T2=-p^{  2  [ 


i  =  l 


m 

2 

j-1 


}; 


n 


T3  =    2  (y,  -  yi)2, 
i  =  l 

the  sum  of  squares  between  observed  and  predicted 
leaf  areas  and 

T4=    2|y,  -  y,|, 
i  =  l 

the  sum  of  absolute  deviations. 


Plants  were  selected  at  random  to  yield  a  sample 
of  at  least  30  leaves  for  each  of  the  eight  clones.  All 
the  leaves,  both  juvenile  and  expanding,  were  taken 
from  these  plants;  the  leaf  circumferences  were  then 
traced  on  paper.  The  areas  were  obtained  by  using 
a  planimeter  that  measured  to  the  nearest  0.1  cm2. 
It  was  assumed  for  all  clones  that  leaf  shape  was 
independent  of  the  environment  in  which  the  leaf 
was  grown. 

Various  models  were  analyzed  using  ordinary  least 
squares;  the  final  model  chosen  was 

A  =  a  +  b(LW)  +  c(W2). 

Parameter  estimates  and  associated  statistics  were 
obtained  for  each  clone  (table  6).  To  test  the  relia- 
bility of  prediction  of  the  above  model,  additional 
data  were  collected  for  clones  5321,  5323,  5326,  and 
5377. 

Four  statistics  were  calculated  for  these  four  clones 
using  the  observed  and  predicted  leaf  surface  areas 
(table  7).  The  predicted  areas  were  obtained  by  sub- 
stituting the  corresponding  values  of  the  indepen- 
dent variables  associated  with  a  particular  observed 
area  into  the  correct  clonal  prediction  equation.  The 
statistics  were: 


Table  6. — Regression  coefficients  and  associated  sta- 
tistics for  eight  clones  included  in  Trial  II 


Southeast  of 

Clone 

Coefficient 

coefficient 

n 

S2 

R' 

5321 

0.50868 
.54004 
.09037 

0.52286 
.03332 
.03587 

37 

3.184 

0.9972 

5323 

.43073 
.52406 
.14628 

1.05231 
.05146 
.04666 

40 

10.389 

.9977 

5326 

-  .07917 
.27336 
.38605 

1 .32275 
.04602 
.04257 

39 

14.590 

.9953 

5328 

-3.48530 
.64992 
.12364 

1.15573 
.04883 
.04511 

36 

12.001 

.9982 

5377 

1.26054 
.29245 
.36252 

.64691 
.02778 
.02795 

50 

7.383 

.9975 

5260 

-  .58338 
.63068 
.06288 

.73483 
.05760 
.07197 

50 

4.856 

.9964 

5339 

.81738 
.51805 
.21589 

.85277 
.04154 
.05168 

41 

8.087 

.9967 

Balsam 

-  .06247 
.69543 
.01553 

.82671 
.04729 
.08489 

39 

6.448 

.9945 
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Table  7. — Several  statistics  to  show  the  prediction 
reliability  of  the  leaf  area  model  Y  =  a  +  b(LW) 
■\  c(W2)  for  four  clones  (Y  =  leaf  area,  L  =  leaf 
length,  W  =  leaf  width) 


Clone    n       T, 


T< 


Range  of 
Y.-Y, 


cm2 

5321 

2 

'26.12 

20.025 

548.63    97.25 

-  5.21  to  7. 50 

5323 

25 

7.58 

2.020 

248.56    63.89 

-  6.10to3.55 

5326 

28 

MO. 82 

2.054  1 

,111.81  125.70 

-15.94  to  2.11 

5377 

26 

'49.35 

2.067 

707.03  112.90 

-  8.99  to  1.61 

'Significant  at  P<  0.01. 
2Not  significant  at  P<  0.05. 

The  Cramer- von  Mises  Two-Sample  test  was  used 
to  check 

H0:  F(x)  =  G(x)  for  all  x 
vs.  Hj:  F(x)  ¥=  G(x)  for  at  least  one  value  of  x 
where  n  =  m  =  number  of  observations  in  each 
sample, 
F(X(i))  =  the  rank  of  the  i-th  smallest  of  the  X's  in 

the  combined  ordered  sample,  and 
R(Y«>)  =  the  rank  of  the  j-th  smallest  of  the  Y's  in 

the  combined  order  sample  (Conover  1971). 

Test  statistic  Tj  is  significant  at  a  =  0.01  for  all 
four  clones,  implying  that  the  joint  null  hypothesis 
P  =  ?  is  rejected  and  that  the  equations  do  not  fit 
the  new  data  very  well.  The  test  statistic  T2  is  not 
significant  at  a  =  0.10  for  all  four  clones,  implying 
that  the  null  hypothesis  F(x)  =  G(x)  is  accepted,  and 
that  the  equations  do  fit  the  new  data. 

These  two  statistics  give  conflicting  results,  but 
based  on  the  fact  that  the  leaves  of  these  clones  vary 
somewhat  in  shape,  the  estimate,  s2,  in  the  denom- 
inator of  statistic  T1  may  be  difficult  to  estimate. 
With  the  exception  of  clone  5326,  the  estimated  leaf 
areas  were  within  ±  10.0  cm2  of  the  actual  leaf  areas 
(table  7).  For  clone  5326  only  five  out  of  the  28  areas 
calculated  exceeded  this  tolerance.  Therefore,  the 
model  Y  =  a  +  b(LW)  +  c(W2)  appears  satisfactory 
for  estimating  leaf  surface  areas  for  the  four  clones 
(table  7). 

In  addition  to  the  estimated  leaf  surface  area 
(LFAREA),  we  calculated  specific  leaf  area  (SLA), 
leaf  weight  ratio  (LWR),  and  leaf  area  ratio  (LAR). 
The  relations  are: 


T  4„      LFAREA     LFAREA      LFWT 

LAR  = =    x 


where 

LFWT  =  leaf  dry  weight,  and 

TOTWT  -  total  plant  dry  weight. 

Vegetative  growth 

Because  the  three-factor  interaction  (photoperiod 
x  temperature  x  clone)  was  not  significant  to  the  5 
percent  level  for  each  of  the  three  vegetative  growth 
variables  (DIA,  HT,  and  LFAREA),  we  considered 
the  mean  response  of  each  of  the  eight  clones  over 
levels  of  photoperiod  and  temperature  for  each  of 
these  variables  (table  8).  With  a  few  exceptions, 
growth  in  basal  stem  diameter,  height,  and  leaf  area 
increased  rapidly  as  photoperiod  increased  from  12 
to  16  hours  for  all  eight  clones,  although  not  at  the 
same  rate  for  each  clone.  The  increase  in  growth  was 
less  rapid  as  photoperiod  was  increased  further  to 
18  hours.  Clone  5260  had  the  greatest  height  growth 
rate  as  photoperiod  increased  from  16  to  18  hours, 
and  attained  the  greatest  mean  height  of  all  eight 
clones  at  18-hour  photoperiod. 

Balsam  poplar  exhibited  the  poorest  growth  for 
all  three  variables  (DIA,  HT,  and  LFAREA),  while 
clone  5328  displayed  the  best  growth  in  diameter 
and  leaf  area  over  all  photoperiod  levels.  Clone  5323 
showed  the  greatest  growth  in  height  over  all  pho- 
toperiods. 

The  effect  of  temperature  on  growth  in  diameter 
and  leaf  area  was  quadratic,  in  that  DIA  and  LFAREA 
increased  rapidly  as  the  day-night  temperature  in- 
creased from  17-5°C  to  29-17°C,  then  decreased  as 

Table  8. — F -values  for  vegetative  growth  variables  of 
eight  Populus  clones  associated  with  eight  major 
sources  of  variation  (P  =  photoperiod,  T  =  tem- 
perature, C  =  clone) 


Dependent  variables 

Source 

DIA 

HT 

LFAREA 

Replicate 

'12.55 

'9.62 

'11.56 

P 

'11.65 

'31.34 

'17.66 

T 

'29.55 

'51.08 

'37.78 

PxT 

232.35 

32.59 

22.41 

C 

'24.16 

'24.51 

'32.23 

PxC 

231 .06 

'2.09 

21.25 

TxC 

231.55 

'2.31 

'3.30 

PxTxC 

231.21 

21.22 

21.00 

TOTWT        LFWT       TOTWT 
=  (SLA)  x  (LWR)  (Sestak  et  al.  1971), 


'Significant  at  P<  0.01. 
2Notsignificantat  P  <  0.05. 

Significant  at  P<  0.05. 
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the  day-night  temperature  was  further  increased  to 
35-23°C.  This  trend  was  not  so  obvious  for  height 
growth.  Generally,  height  growth  levelled  off  as  the 
day-night  temperature  increased  from  29-17°C  to  35- 
23°C  for  all  eight  clones,  although  there  were  some 
exceptions.  The  rate  of  growth  over  temperature  lev- 
els was  not  the  same  for  each  clone. 

All  main  effects — experiment,  photoperiod,  tem- 
perature, and  clone — were  significant  at  the  1  per- 
cent level  for  all  three  growth  variables;  the  tem- 
perature x  clone  interaction  was  significant  for  the 
variables  HT  and  LFAREA,  and  the  photoperiod  x 
clone  interaction  was  significant  for  variable  HT  (ta- 
ble 6).  This  meant  that  the  clones  responded  signif- 
icantly differently  over  temperature  levels  for  the 
variables  HT  and  LFAREA  and  for  HT  over  photo- 
period levels. 

Dry  weight 

Again,  the  three-factor  interaction,  photoperiod  x 
temperature  x  clone,  was  not  significant  at  the  5 
percent  level  for  each  of  the  four  dry  weight  variables 
LFWT,  STMWT,  RTWT,  and  TOTWT  (table  9).  With 
the  exception  of  clone  5339  and  balsam  poplar,  dry 
weights  of  leaves,  stem,  and  total  plant  increased 
rapidly  with  increase  in  photoperiod  from  12  to  16 
hours  and  less  rapidly  from  16  to  18  hours,  although 
not  at  the  same  rate  for  each  clone. 

Balsam  poplar  yielded  the  lowest  dry  weight  ac- 
cumulation with  respect  to  leaves,  stem,  roots,  and 
total  plant,  while  clones  5328  and  5323  yielded  the 
highest  dry  weight  production  for  all  the  dry  weight 
variables  except  STMWT  over  all  photoperiod  levels. 
Clones  5377  and  5326  produced  the  highest  STMWT 
in  all  photoperiods  except  for  18  hours. 

i  Table  9. — F -values  for  dry  weight  variables  of  eight 
Populus  clones  associated  with  eight  major  sources 
of  variation 


Dependent  variables 


Source 


LFWT 


STMWT 


RTWT 


TOTWT 


Replicate 

P 

T 

PxT 

C 

PxC 

TxC 

PxTxC 


15.96 
29.91 

226.98 
31.69 

225.82 
31.00 
22.60 
30.91 


29.39 

213.30 

222.16 

31.60 

213.80 

31.36 

11.66 

31.08 


16.01 

30.97 
215.78 
30.89 
222.04 
30.62 
M.67 
31.01 


17.91 
26.61 

225.96 
31.37 

220.73 
30.94 
22.06 
30.96 


Significant  at  P<  0.05. 
Significant  at  P<  0.01. 
3Not  significant  at  P<  0.05. 


The  dry  weight  of  leaves,  stem,  and  roots  in- 
creased sharply  as  the  day-night  temperature  in- 
creased from  17-5°C  to  29-17°C,  and  decreased  as  the 
temperature  increased  from  29-17°C  to  35-23°C.  The 
classic  quadratic  response  to  temperature  was  ex- 
hibited by  all  eight  clones. 

The  photoperiod,  temperature,  and  clone  sources 
of  variation  were  all  significant  at  the  1  percent  level 
for  all  four  dry  weight  variables,  with  the  exception 
of  the  photoperiod  source  of  variation  for  RTWT.  The 
effect  of  photoperiod  on  RTWT  was  not  even  signif- 
icant at  the  10  percent  level  (table  9). 

The  temperature  x  clone  interaction  was  signifi- 
cant at  the  1  percent  level  for  LFWT  and  TOTWT 
and  at  the  5  percent  level  for  STMWT  and  RTWT. 
This  indicated  that  the  response  of  each  clone  over 
temperature  was  significantly  different,  one  from 
another.  In  fact,  the  differential  response  of  clones 
over  temperature  with  respect  to  LFWT  was  much 
more  pronounced  than  the  responses  with  respect  to 
either  STMWT  or  RTWT. 

The  effect  of  the  experiment  was  significant  at  the 
1  percent  level  for  STMWT  only  and  significant  at 
the  5  percent  level  for  the  other  dry  weight  variables. 
This  may  indicate  that  stem  dry  weight  production 
was  altered  to  a  greater  degree  than  either  leaf  or 
root  dry  weight  production  by  the  change  in  "soil" 
composition  from  Experiment  1  to  Experiment  2. 

Distribution  of  assimilate 

The  distribution  of  assimilate  was  expressed  in 
dry  stem  weight-to-root  weight  and  top-to-root  ratios 
as  well  as  leaf,  stem,  and  root  dry  weights  as  pro- 
portions of  total  dry  weight.  With  the  exception  of 
SWR,  the  photoperiod  x  temperature  x  clone  inter- 
action again  was  not  significant  at  the  5  percent  level 
for  all  the  other  assimilate  distribution  variables 
(table  10). 

The  SRR  and  TRR  increased  rapidly  as  photoper- 
iod increased  from  12  to  16  hours  for  all  clones  with 
the  exception  of  balsam  poplar.  As  photoperiod  con- 
tinued to  increase  from  16  to  18  hours,  clones  5260, 
5339,  and  balsam  poplar  continued  to  increase  in 
SRR  and  TRR  at  a  high  rate.  Clones  5377,  5323,  and 
5328  continued  to  increase  at  a  low  rate  and  clones 
5321  and  5326  decreased  in  SRR  and  TRR  (fig.  2). 

As  the  day-night  temperature  increased  from  17- 
5°C  to  35-23°C,  most  of  the  clones  increased  rapidly 
in  SRR  and  TRR. 
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Table  10. — F -values  for  assimilate  distribution  var- 
iables of  eight  Populus  clones  associated  with  eight 
major  sources  of  variation  (P  =  photoperiod,  T  = 
temperature,  C  =  clone) 


Dependent  variables 

Source 

SRR 

TRR       LWR1      SWR' 

RWR- 

Replicate 

22.81 

20.13    20.80    39.98 

20.78 

P 

333.27 

320.53    43.66  329.15 

322.65 

T 

330.73 

316.11     20.91  331.24 

313.19 

PxT 

21.67 

20.72    21.89    22.44 

21.18 

C 

322.43 

329.49  359.18  338.73 

326.72 

PxC 

32.13 

21.46    32.26    32.39 

33.74 

TxC 

"1.74 

32.62    21.62    20.96 

32.49 

PxTxC 

21.31 

20.97    21.03    41.61 

21.06 

1Thgse  proportions  were  transformed  by  the  function  arcs  in 
Vk  The  analyses  of  variance  were  performed  on  these 
transformed  variables. 
2Not  significant  at  P<  0.05. 
Significant  at  P<  0.01. 
"Significant  at  P<  0.05. 
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The  main  effects — photoperiod,  temperature,  an 
clone — were  significant  at  the  1  percent  level  excej 
for  the  variable  LWR.  Here  the  photoperiod  effec 
was  only  significant  at  the  5  percent  level  and  th 
temperature  effect  was  not  significant  at  all.  Poss 
bly  photoperiod  affects  LWR  more  than  temperatun 

The  effect  of  the  experiment  was  not  significar 
at  the  5  percent  level  for  any  of  the  assimilate  dis 
tribution  variables  except  SWR,  for  which  it  wa 
highly  significant  at  the  1  percent  level. 

The  photoperiod  x  clone  interaction  was  signif 
cant  at  the  1  percent  level  for  all  the  variables  excep 
TRR.  For  this  variable  the  above  interaction  was  nc 
significant  at  the  5  percent  level.  This  implied  tha 
there  was  no  significant  difference  in  response  wit 
respect  to  TRR  from  one  clone  to  another  over  level 
of  photoperiod.  Similarly,  the  temperature  x  clon 
interaction  was  significant  at  the  1  percent  level  fo 


(1:1)     (1:2)      (1:3)     (1:4)     (2:1)     (2:2)     (2:3)     (2:4)     (3:1)     (3:2)      (3:3)    (3:4)     (4:1)     (4:2)     (4:3)     (4:4) 
ENVIRONMENT,  PHOTOPERIOD  BY  TEMPERATURE  LEVELS 

Figure  2. — Average  dry  weight  distribution  over  all  clones  in  each  of  16  environments  (numbers 
in  parentheses  along  the  x-axis  represent  photoperiod  and  temperature  levels,  respectively). 
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TRR  and  RWR,  at  the  5  percent  level  for  SRR,  and 
not  significant  at  the  5  percent  level  for  LWR  and 
SWR.  The  response  of  RWR  from  one  clone  to  an- 
other, therefore,  was  significantly  different  over  tem- 
perature, but  the  responses  of  LWR  and  SWR  were 
not. 

The  combined  action  of  photoperiod  and  temper- 
ature produced  noticeable  shifts  in  the  average  dry 
weight  distribution  of  all  eight  clones  combined  (fig. 
2),  even  though  the  photoperiod  x  clone  interaction 
for  LWR,  SWR,  and  RWR  was  not  significant  at  the 
5  percent  level  (table  10). 

Relative  size  ofassimilatory  apparatus 

The  photoperiod  x  temperature  x  clone  interaction 
was  not  significant  at  the  5  percent  level,  so  we  con- 
sidered leaf  area  ratio  (LAR)  and  specific  leaf  area 
(SLA)  versus  levels  of  photoperiod  and  temperature 
separately  for  all  eight  clones  (table  11). 

Generally,  the  relative  size  of  the  leaves  on  a  square 
decimeter  per  gram  basis  yields  information  about 
leaf  density.  The  magnitude  of  the  variables  SLA 
(  =  LFAREA/LFWT)  and  LAR  ( =  LFARE A/TOTWT) 
indicates  the  degree  to  which  assimilation  rate  and 
efficiency  are  affected  by  changes  in  photoperiod  and 
temperature. 

SLA  was  definitely  more  sensitive  to  changes  in 
environment  than  LAR.  The  former  varied  from  1.6 
to  2.6  and  the  latter  from  0.8  to  1.5.  Clone  5339  had 
the  densest  leaves  (large  SLA)  and  balsam  poplar 
had  the  least  dense  leaves  (small  SLA)  over  all  tem- 
perature levels. 


Table  11. — F -values  for  relative  leaf  size  variables  of 
eight  Populus  clones  associated  with  eight  major 
sources  of  variation  (P  =  photoperiod,  T  =  tem- 
perature, C  =  clone) 


Dependent  variable 

Source 

LAR 

SLA 

Replicate 

10.88 

13.90 

P 

210.69 

27.74 

T 

214.12 

217.16 

PxT 

1.57          | 

11.40 

C 

28.46 

220.24 

PxC 

11.23 

11.40 

TxC 

11.39 

M.23 

PxTxC 

1.82 

11.02 

1Not  significant  at  P<  0.05. 
Significant  at  P<  0.01. 


Only  the  main  effects — photoperiod,  tempera- 
ture, and  clone  source — were  significant  at  the  1 
percent  level.  The  remaining  sources  were  not  sig- 
nificant at  the  5  percent  level  (table  10). 

Except  for  clone  5260,  which  decreased  sharply, 
all  clones  increased  in  SLA  and  LAR  as  photoperiod 
increased  from  16  to  18  hours.  As  temperature  in- 
creased, LAR  and  SLA  generally  increased  for  all 
clones;  no  quadratic  response  was  observed.  With  the 
exception  of  clones  5323  and  5377,  all  clones  in- 
creased rapidly  in  SLA  at  first,  then  moderately,  and 
finally  very  sharply  as  the  day-night  temperature 
increased  from  17-5°C  to  35-23°C. 

Selection  Indices 

Selection  indices  have  been  used  for  selection  in 
animal  and  plant  breeding  programs  when  several 
quantitative  characters  are  considered  (Elston  1963, 
Hazel  1943,  Hazel  and  Lush  1942,  Kempthorne  and 
Nordskog  1959,  Panse  1946,  Smith  1936,  and  Tallis 
1962).  Hanson  and  Johnson  (1957)  have  discussed 
methods  for  calculating  a  general  selection  index 
based  on  pooled  information  from  two  or  more  ex- 
periments. Their  index  was  similar  to  our  index  lu 
which  is  discussed  below.  Two  data  sets  were  com- 
bined to  minimize  sampling  errors  and  to  improve 
the  estimation  of  the  genotype  by  environment  in- 
teraction. The  two  combined  populations  were  grown 
under  identical  environments.  In  this  manner  a  se- 
lection index  determined  from  one  data  source  could 
be  used  successfully  as  a  general  index.  The  expected 
genetic  advance  was  used  as  a  means  of  index  reli- 
ability. 

Okuna  et  al.  (1971)  evaluated  the  performance  of 
29  rice  varieties  grown  in  several  environments  us- 
ing seven  different  methods,  and  one  of  the  methods 
they  used  involved  principal  component  analysis. 

A  selection  index  often  considered  appropriate  is 
a  function  of  the  form: 

I  =  WxXi  +  w2x2  +  ...  +  wpxp;  i  =  1,  ...  p, 

where: 

Wj  =  i-th  known  or  unknown  economic  weight, 
and 

x,  -  i-th  measured  trait  (Hazel  1943,  Smith  1936). 
However,  such  a  linear  function  may  not  be  appro- 
priate, or,  if  the  economic  weights  are  unknown,  the 
experimenter  may  not  want  to  go  through  the  in- 
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volved   estimation   procedure   necessary.    The   re- 
searcher may  not  even  want  to  consider  any  weights. 

An  alternative  is  to  consider  a  nonlinear  function 
of  the  form 

I  =  (w^j)  (w2x2)  ...  (wpxp)  =  w'xxXa  ...  xp.  For 
simplicity,  suppose  p  =  2  so  that  only  two  traits  are 
being  considered.  Then  figure  3  illustrates  selection 
on  the  basis  of  a  linear  index,  Xj  +  wx2,  and  figure 
4  illustrates  selection  on  the  basis  of  a  nonlinear 
index,  wxjX2.  In  both  cases,  the  shaded  area  repre- 
sents the  specified  fraction,  X.,  of  the  individuals  to 
be  selected  from  the  known  population.  This  fraction 
is  obtained  by  assigning  ranks  within  the  group  of 
clonal  values  for  each  index  and  selecting  the  clones 
with  highest  rank  from  each  group.  This  way  the 
selection  ability  of  each  index  can  be  compared  with 
that  of  another. 

In  addition  to  linear  or  nonlinear  indices  of  the 
forms  mentioned  above,  the  literature  suggests  a  va- 
riety of  approaches  to  the  problem  of  discriminating 
among  individuals  on  the  basis  of  several  traits.  These 
are  discussed  below,  together  with  our  own  further 
development  of  some  of  them. 

H-S  index. — Consider  the  index  (in  matrix  nota- 
tion) of  the  form 

H  =  a'X, 


x1 


x2 

Figure  4. — Selection  based  on  the  nonlinear  index 
wx1  x2  for  the  selection  portion  (\)  of  the  population. 


where 

a  =  vector  of  known  economic  weights,  and 

X  =  vector  (mxl)  of  unknown  genotypic  values  of 
the  individual  clone  for  the  m  attributes  of 
interest  on  which  selection  is  to  be  based. 


Because  index  H  cannot  be  easily  estimated,  let  se- 
lection be  based  on  a  linear  function,  I,  which  cor- 
relates best  with  the  index  H  of  the  form 


x1 


x2 

Figure  3. — Selection  based  on  the  linpr.r  index  xx  + 
wx„  fnr  tt":  ^lecnnn  ™*t:on  i  k)  uf  the  population. 


Ii  =  b'Y, 
where 


Y  =  vector  (mxl)  of  phenotypic  values  of  the  in- 
dividual clone  for  the  m  attributes  of  interest 
on  which  selection  is  to  be  based,  and 

b  =  vector  of  coefficients  to  be  determined  from 
the  system  Pb  =  Ga  (Hazel  1943,  Smith  1936), 
and  where 

P  =  matrix  of  phenotypic  variances  and  covari- 
ances, 

G  =  matrix  of  genotypic  variances  and  covari- 

ances,  and 
a  =  vector  of  previously  defined  constants. 

This  implies  b  =  P1  Ga  and  1,  =  (P-1  Ga)'Y. 
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Provided  the  following  conditions  hold,  the  selec- 
tion index,  I1(  will  be  a  correct  predictor  of  superior 
growth  potential: 

(1)  The  phenotypic  value,  Pj,  for  the  i-th  trait  of 
an  individual  clone  will  be  made  up  of  the  sum  of 
two  parts,  the  genotypic  value,  Gj,  defined  as  the 
average  of  the  phenotypic  values  possible  over  a  range 
of  environments  and  the  environmental  contribu- 
tion, E— i.e.,  P;  =  G,  +  E,.  The  Cov(GjE,)  =  0,  but 
genotypic  by  environment  interactions,  (GE)„  can  be 
presented  provided  genotypes  and  environments  are 
associated  with  each  other  at  random  and  (GE)j  is 
incorporated  with  E{. 


P 

i2  =    n  (x/ 

i  =  l 


K), 


(2)  The  genetic  value,  Git  is  composed  entirely 
additive  gene  effects. 


of 


(3)  The  quantities  Y,  and  H  are  such  that  the 
regression  of  H  on  any  linear  function  of  the  Y  is 
linear  (Kempthorne  and  Nordskog  1959). 

(4)  The  matrices  of  variances  and  covariances  P 
and  G  are  known. 

Weight-free  index. — Elston  (1963)  suggested  the 
following  nonlinear  index  for  selection  with  respect 
to  p  traits  at  a  time: 


I2  =    n  (xs  -  kj) 
i  =  l 

where 

Xj  =  i-th  trait  measured  on  a  particular  individ- 
ual clone,  and 

kj  -  greatest  lower  bound  of  the  x4  for  all  the  in- 
dividuals under  consideration  for  selection. 

However,  this  index  is  not  independent  of  the  scales 
used  to  measure  the  x/s,  thus: 


x!  =  lognotei  -  kj), 
and  the  index  becomes 

P 

2  x! 
i  =  l 

If  the  index  is  to  be  based  on  weighted  measure- 
ments, WjXl  w2x2,  ...,  wpxp,  and  the  w/s  are  un- 
known, then  an  index  that  is  invariant  under  the 
choice  of  the  w/s  should  be  used.  The  index  becomes: 


where 


x!  =  log10(Xi  -  kj),  and 
K!  =  lower  bound  of  x!. 

The  index  I2  was  evaluated  for  each  clone  within  each 
environment  and,  since  environments  were  assumed 
independent  of  each  other,  a  simple  average  value 
for  each  clone  over  all  environments  was  calculated. 

Adaptation  index. — Finlay  and  Wilkinson  (1963) 
proposed  a  method  of  analyzing  the  adaptation  of  a 
randomly  chosen  group  of  277  varieties  of  barley 
from  a  world  collection,  grown  in  replicated  trials 
for  several  seasons  at  three  sites  in  South  Australia. 
For  each  variety,  they  computed  a  linear  regression 
of  individual  grain  yield  on  mean  grain  yield  over 
all  varieties  for  each  environment  (site  and  season). 
A  slope  of  1.00  meant  that  the  variety  was  well 
adapted  to  all  environments.  This  regression  coef- 
ficient was  then  a  measure  of  variety  adaptation.  The 
authors  transformed  their  data  logarithmically  to 
index  independence  between  means  and  their  vari- 
ances. 

The  study  was  assisted  by  the  use  of  a  scatter 
diagram  that  plotted  variety  regression  coefficients 
(slopes)  against  variety  means.  However,  no  at- 
tempts were  made  by  the  authors  to  select  a  fraction, 
\,  of  the  varieties  showing  superior  growth  potential 
with  respect  to  yield  over  all  environments.  We  pro- 
pose to  go  a  step  further  than  Finlay  and  Wilkinson 
and  create  the  following  index: 

where  I3  =  (K  -  kx)  (bs  -  1.0)2  -  k2, 

M-j  =  mean  of  i-th  variety  over  all  environments 
for  a  particular  variate  of  interest  on  which 
selection  is  to  be  based,  and 

bj  =  regression  coefficient  (slope)  of  Y„  on  M^, 

where 

Yy  -  mean  of  i-th  variety  at  the  j-th  environment, 
P»j  =  mean  of  j-th  environment  over  all  varieties, 
kx  =  greatest  lower  bound  of  Pv  and 
k2  =  greatest  lower  bound  of  (b;  -  1.0)2. 

The  index  I3  was  evaluated  for  each  clone  for  each 
of  several  variates  of  interest. 
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An  alternative  approach  was  to  consider  a  can- 
onical variable  (Morrison  1967) — which  is  a  linear 
combination  of  all  the  variates  of  interest  in  the  se- 
lection process — as  a  variate  on  which  selection  is 
to  be  based.  New  environment  and  variety  of  envi- 
ronment means  were  found  and  the  coefficients  bj<dl 
were  obtained  by  linear  regression  techniques. 

Then  the  index: 

Um  =  (fltf*  -  K)  (bp»  -  1.0)2  -  k2  (6) 

was  calculated  for  each  clone,  where  the  superscript 
-&  stands  for  the  -9-th  canonical  variable  used  to  eval- 
uate the  above  previously  defined  parameters. 

Curvature  index. — Wu  (1973)  proposed  that  if  the 
response  of  a  varietyto  various  environments  is 
quadratic,  that  is: 

Y;  =  a  +  bxj  +  cxf,  i  =  l,m, 

where 

m  =  number  of  environments, 

Yj  =  observed  response  of  a  clone  at  the  i-th 

environment,  and 
Xj  =  independent  i-th  environmental  measure, 

then  a  measure  of  plant  stability  is  the  reciprocal  of 
the  radius  of  curvature  as  expressed  below: 


P  = 


1  +  (y')2 


:t/2 


,  and 


y'  =  b  +  2cx  =  r,  and 


y"  =  2c.  Hence, 


p-i  = 


1  +  (b  +  2cx) 


23/2    _! 


2c 


where  x  is  day  temperature  and  is  evaluated  at  x, 
and  b  anc  c  are  coefficients.  (A  curvature  of  nearly 
zero  implied  the  curve  was  nearly  linear  and  clonal 
response  to  various  environments  was  stable.)  Next 
consider  the  index: 

l«  =  &  -  kO  (k2  -  |p->  -  (pH), 

where 

'y"i  =  i-th  clonal  mean  over  all  environments 

for  a  particular  trait, 
p_1  =  curvature  of  the  i-th  clone, 
(p) " J  =  average  curvature  over  all  clones, 
ki  =  greatest  lower  bound  of  yi(  and 
k2  =  greatest  lower  bound  of  |p_1  -  (p)_1| 


However,  this  index  deals  with  only  one  trait  at  a 
time,  so  consider  the  index: 


l4<8)  =  (y? 


kx)k2  -  |P<r»  -  (p)9-i| 


where 


ySd)  =  i-th  clonal  mean  of  the  ft-th  canonical 
variable  associated  with  the  clone  source 
of  variation  in  the  MANOVA, 
pd" 1  =  curvature  of  the  i-th  clone  based  on  ft-th 
canonical  variable, 
(p)d~ x  =  average  curvature  over  all  clones  based 
on  ft-th  canonical  variable, 
kx  =  greatest  lower  bound  of  y|8),  and 
k2  =  greatest  lower  bound  of  |p8_1  -  (pV1!  . 

With  this  index,  clones  with  curvature  near  the  av- 
erage will  be  preferred  over  those  with  curvature  far 
from  the  average. 

Hamiltonian  index. — Wu  (1973)  also  considered 
the  function  H  =  f(y,r),  where  y  =  g(x)  and  r  =  h(x). 
Here  y  and  r  are  total  growth  and  growth  rate  of  the 
clones  or  varieties  over  various  environments.  The 
function,  H,  is  the  Hamiltonian  for  the  system  rep- 
resented by  the  equations: 


b  +  2cx  =  r, 
2c 


(Brauer  and  Nohel  1969).  If  the  above  system  is  writ- 
ten in  the  form: 


dy 


dH 


dx 

y 

dr  ' 

dr 
dx 

= 

y" 

= 

dH 

dy 

With  H  defined  as  the  total  energy  of  the  system 
and,  assuming  the  principle  of  conservation  of  en- 
ergy, the  function  H  is  a  constant  for  different  values 
of  x.  Therefore: 


dH 
dx 


=  0,  and 


using  one  of  the  chain  rules  of  calculus 

dH=j>H_jly_      aH    dr 
dx        3y    dx        dr    dx 
which  leads  to  the  system  derived  previously: 

dx       y         dr 


dr 
dx 


=  y"  = 


§E_ 

dy 
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Substituting  values  for  y'  and  y"  the  system  (Equa- 
tion 10)  becomes: 

17  =  r 


dH 


=  -2c. 


The  solutions  of  this  system  of  equations  are  H  = 
r2/2  +  C!  and  H  =  -2cy  +  c2,  where  Cj  and  c2  are 
constants.  Since  a  linear  combination  of  these  two 
solutions  is  also  a  solution  to  the  system, 

H  =  f  -  2cy 

is  also  a  solution;  substituting  for  y  and  r  produces 


H  =  -b2  -  2ac, 

where  a,  b,  and  c  are  coefficients.  Similar  to  the  cur- 
vature index,  consider 


W«  =  (y[*>  -  kx)  (k2  -  |H.  -  H„|), 


(11) 


where  yjd)  and  kx  are  defined  as  the  index  I^0)  and 
Hd  =  Hamiltonian  of  i-th  clone  based  on  $-th 

canonical  variable, 
Hd  =  average  Hamiltonian  over  all  clones  based 

on  d-th  canonical  variable,  and 

k2  =  greatest  lower  bound  of  |H^  -  Hd|. 

Again,  clones  with  a  Hamiltonian,  H  close  to  H,  will 
be  preferred. 

Distance  index. — The  first  step  in  this  procedure 
is  to  calculate  all  the  possible  pairwise  squared  gen- 
eralized distances  between  the  clones  of  interest  us- 
ing a  pooled  variance-covariance  matrix  whose  rank 
equals  the  number  of  variates  used  as  discrimina- 
tors. Then 

D2(i|j)  =  (Xi  -  x/Cov-KXi-  Xj), 

where 

Xj  -  Xj  =  a  vector  (s  x  1)  of  clonal  mean  differences, 
Cov  =  pooled  variance-covariance  matrix  (s  x 
s),  and 
s  =  number  of  variates  used  as  discrimina- 
tors. 

Next,  these  distances  are  used  to  cluster  the  clones 
into  subgroups  which  are  more  homogeneous  than 
those  determined  by  the  unweighted  pair  group 
method;  the  results  are  then  displayed  as  a  dendro- 


graph  (McCammon  and  Wenninger  1970).  The  den- 
drograph  is  looked  at  subjectively  to  determine  which 
clones  demonstrate  superior  growth. 

Canonical  index. — A  canonical  analysis  is  per- 
formed on  the  combined  data  over  all  environments 
for  the  variates  (dependent  variables)  on  which  se- 
lection is  to  be  based.  Canonical  variables  of  the  form 


Y9<*>  =  R'  AX 


are  formed 
where 


d  =  l,  ...,s, 

s  =  number  of  variates  considered  in  the 
analysis, 

X  =  a  vector  of  correlated  dependent  varia- 
bles on  which  selection  is  to  be  based, 
and 
Rd  =  ti-th  normalized  characteristic  vector  of 
E->H 

where 

R'  dE  Rd  =  1  (a  scalar), 

E  =  pooled  error  matrix,  and 
H  =  partial  sums  of  squares  and  cross  prod- 
ucts matrix  due  to  clone  by  environment 
source  of  variation  in  the  Multivariate 
Analysis  of  Variance  (MANOVA)  table. 

Means  of  the  canonical  variables  are  obtained  by 
replacing  the  vectorX  by  X  such  that 

'ft    Xy 


Y<?>  =   R'ft 


where 


i  =  l,  ...,p, 

j  =  l,  ...,m, 

p  =  number  of  clones, 
m  =  number  of  environments,  and 
xy  =  a  vector  of  means  (s  x  1)  for  the  i-th  clone 
at  the  j-th  environment. 

Then  Y(2)  is  plotted  against  Y(3)  and  the  resultant  plot 
viewed  subjectively.  One  looks  for  the  clones  in  each 
environment  that  consistently  are  farthest  from  the 
origin.  These  are  the  superior  clones. 

Difficulties 

As  stated  earlier,  the  H-S  index  is  a  correct  pre- 
dictor of  superior  growth  potential  only  if  all  the 
mentioned  assumptions  hold.  Immediately  one  ob- 
serves that  the  variance-covariance  matrices,  P  and 
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G,  are  now  known  and  that  only  estimates  of  these 
are  available.  Data  are  often  insufficient  to  estimate 
G.  So  the  index  is  subject  to  sampling  and  estimation 
errors.  Also  the  assumption  that  P{  =  G;  +  E;  is 
usually  unrealistic  and  Cov  (G,E,  =£  0).  This  would 
change  the  estimation  procedure  for  obtaining  the 
vector  of  coefficients,  b.  There  also  exists  the  problem 
of  assigning  the  proper  weight  to  each  trait  in  the 
index. 

It  should  be  noted  that  even  if  some  of  the  weights 
in  the  original  index,  H,  are  zero,  all  of  the  coeffi- 
cients estimated  for  It  will  be  nonzero. 

The  weight-free  index,  contrary  to  its  name,  is 
really  an  index  which  assigns  equal  weights  to  all 
variates  or  traits.  This  may  not  be  desirable,  since 
one  may  want  to  select  a  small  fraction  of  individuals 
on  the  basis  of  several  traits  that  are  to  be  unequally 
emphasized.  This  index  also  selects  individuals  with 
larger  measurements  on  each  trait,  so  one  must  ar- 
range to  measure  each  trait  on  a  scale  that  will  meet 
this  criterion.  Thus,  if  there  is  a  trait  for  which  a 
smaller  measurement  is  desired,  one  would  change 
the  direction  of  the  scale  on  which  the  trait  is  mea- 
sured. 

The  distributions  of  the  measurements  on  each  of 
the  traits  should  be  as  similar  as  possible  for  the 
weight-free  index  to  be  reliable.  Frequently,  when 
histograms  are  drawn  up  for  the  various  traits  con- 
tained in  the  index,  the  distributions  of  the  mea- 
surements on  some  of  the  traits  are  of  an  entirely 
different  type — e.g.,  bimodal  instead  of  unimodal — 
from  those  of  others.  Those  measurements  should  be 
transformed  to  lessen  the  differences. 

The  adaptation  index  seems  the  most  promising, 
although  index  I3  selects  individuals  on  the  basis  of 
only  one  trait  at  a  time.  One  must  either  look  at  each 
group  of  clonal  values  for  index  I3  for  each  trait  of 
interest  in  the  selection  process  separately,  remem- 
bering that  these  traits  are  highly  correlated  with 
each  other,  or  use  index  I3,d).  With  this  index,  how- 
ever, it  is  difficult  to  know  which  canonical  variable 
to  use. 

The  curvature  index,  like  the  adaptation  index, 
selects  individuals  based  on  only  one  trait  at  a  time. 
It  also  requires  an  independent  variable  with  at  least 
three  levels  to  fit  the  assumed  quadratic.  The  radius 
of  curvature  of  this  function  varies  with  different 
values  of  the  independent  variable  (some  environ- 
mental measure).  For  comparison,  index  I4  is  eval- 
uated at  the  mean  of  the  independent  variable,  but 
this  may  not  be  appropriate. 


The  Hamiltonian  index  comes  from  a  principle  of 
motion  in  physics  which  states  that  the  total  energy 
of  a  system  is  equal  to  the  sum  of  the  potential  and 
kinetic  energy.  Applying  this  idea  to  biology  involves 
substituting  growth  and  growth  rate  for  potential 
and  kinetic  energy.  The  index  I5  represents  the  bi- 
ological total  energy  of  the  system.  The  principle  of 
conservation  of  energy  is  assumed  so  that  along  any 
solution  of  a  Hamiltonian  system  the  total  energy  is 
constant.  This  may  not  be  true  when  one  considers 
growth  and  growth  rate  of  a  plant  as  position  and 
speed  of  a  particle. 

The  problem  with  the  distance  index  is  that  it 
involves  a  subjective  instead  of  objective  procedure. 
Certain  clones  will  be  segregated  from  the  main  group 
but  it  will  not  be  clear  from  the  dendrograph  whether 
these  segregated  clones  are  superior  or  inferior.  Ad- 
ditional prior  information  is  needed  to  interpret  the 
results  correctly. 

The  canonical  index  again  is  a  subjective  proce- 
dure, but  seems  to  hold  great  promise,  especially  if 
Y<2)  and  Y(31  are  plotted  against  each  other  instead 
of  Y(1)  and  Y,2>.  This  procedure  appears  to  work  best 
when  the  number  of  clones  is  greater  than  the  num- 
ber of  environments. 

Reliability  of  indices 

To  make  reliability  statements  (such  as  confidence 
intervals)  about  the  various  indices,  their  probabil- 
ity density  functions  (p.d.f.'s)  or  distributions  must 
be  known  exactly  or  approximated  by  some  known 
tabulated  distributions.  An  alternative  is  to  assume 
some  limiting  distributions. 

For  the  H-S  index,  Ilf  one  could  easily  find  the 
expected  value  of  Iu  Edx),  and  the  variance  of  I1( 
(Vdj),  if  the  P  and  G  matrices  were  known.  Then,  if 
one  assumed  that  the  phenotypic  values,  Y,  were 
distributed  normally  with  some  finite  mean  and  var- 
iance, the  distribution  of  index  I,  could  be  found.  But 
matrices  P  and  G  must  be  estimated  because  they 
are  usually  not  known.  This  makes  it  extremely  dif- 
ficult to  find  the  variance  of  lv 

On  the  other  hand,  the  p.d.f.  for  the  weight-free 
index,  I2,  and  adaptation  index,  I3,  can  be  found,  but 
only  under  very  restricted  conditions.  Without  these 
restrictions  some  limiting  distributions  must  be  as- 
sumed. 

For  example,  let  selection  be  based  on  two  traits 
only  (p  =  2)  and  assume  Xj  and  x2,  the  two  traits, 
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are  distributed  lognormal  with  means,  p.,  and  |x2  and 
variances,  of  and  o22,  respectively.  Then  if  one  im- 
poses the  restrictions  kt  =  k2  =  0  (lower  bound  for 
X!  and  x2  is  zero)  and  Xj  and  x2  independent,  then 
the  index  I2  =  t  =  xxx2  has  the  following  p.d.f: 


g(t)  = 


V2^t  Vo,2  +  ct22 


e-V4{logt-(^i  +  n2)}  /(<ri    +^  )f  0<t«». 


If !  =  2  =  0  and  i2  =  22  =  1  then  the  above  p.d.f. 
becomes 


g(t)  = 


2tVTT 


1  2 

e-V4(l0gt)    ^    ()<t<°°. 


If  kt  /  k2  /  0  then  the  p.d.f.  cannot  be  found  analyt- 
ically. Note  that  the  restriction  xx  and  x2  independent 
has  not  been  relaxed,  which  is  the  case  with  this 
study. 

The  next  step  would  be  to  find  the  first  and  second 
moments  of  indices  I2  and  I3,  assuming  the  traits  on 
which  selection  was  to  be  based  are  normally  dis- 
tributed with  finite  mean  and  variance.  Then  Monte 
Carlo  techniques  could  be  used  to  artificially  con- 
struct indices  I2  and  I3  based  on  sampling  procedures, 
and  frequency  curves  could  be  drawn.  Next,  known 
distributions  such  as  t  or  F  would  be  used  to  ap- 
proximate the  p.d.f.'s  of  index  I2  and  I3  based  on  the 
previously  calculated  moments,  and  frequency  curves 
would  again  be  drawn.  Goodness-of-fit  tests  could 
then  be  used  to  determine  how  well  the  known  dis- 
tributions approximate  the  sample-based  p.d.f.'s  of 
indices  I2  and  I3. 

The  simplest  method  is  as  follows:  Deming  (1943) 
stated  that  the  variance  of  a  function  g  of  a  number 
of  correlated  random  variables  x1(  ...,  xn  could  be 
approximated  by  the  expression 


n       n 
V(g)~  2     2 
i=lj=l 


§K 


ax, 


Cov(XjXj). 


Now  recall  the  Central  Limit  Theorem  (Hogg  and 
Craig  1969),  which  states  that  if  xu  ...,  xn  denote 
the  items  of  a  random  sample  of  size  n  from  any 
distribution  having  finite  variance  o2,  then  the  ran- 
dom variable  Vn  (x  -  jjO/ct  has  a  limiting  normal 
distribution  with  zero  mean  and  unit  variance.  Uti- 
lizing this  fact,  assume  the  expression 


(U 


N(0,1)  as  n  ^  oo 
ft  =  2,3; 


then  confidence  intervals  can  be  constructed  of  the 
form 

Prob  (L  <  I*  <  u)  2*  1  -  a    fl  =  2,3, 
where 

L  =  some  lower  limit, 

u  =  some  upper  limit, 

1— a  =  confidence  coefficient,  and 

a  =  significance  level. 

Likewise,  the  variances  of  indices  I4  and  I5  can 
also  be  found.  It  should  be  noted  that  a  given  index 
is  more  reliable  if  it  fails  to  select  a  superior  clone 
than  if  it  includes  a  bad  clone. 

Evaluation  of  indices 

Data  collected  by  Wray  (1974)  (Trial  I)  were  used 
to  evaluate  the  seven  indices  described  on  the  pre- 
ceding pages.  One  growth  chamber  and  two  green- 
house environments  were  utilized  to  assess  the  ju- 
venile growth  potential  of  25  Populus  clones.  There 
were  four  replications  in  each  environment,  yielding 
300  observations.  The  variables  measured  were  total 
plant  height  (HT),  and  stem  and  leaf  dry  weights 
(STMWT  and  LFWT). 

Data  from  Trial  II  were  also  used  to  evaluate  seven 
of  the  selection  indices.  Eight  clones  were  grown  twice 
in  16  environments,  yielding  256  observations.  Six 
variables  were  measured:  basal  diameter  (DIA),  to- 
tal plant  height  (HT),  leaf  surface  area  (LFAREA), 
and  leaf,  stem,  and  root  dry  weights  (LFWT,  STMWT, 
RTWT). 

H-S  index. — Before  estimating  the  coefficients  of 
this  index,  the  P  and  G  matrices  had  to  be  obtained. 
The  elements  of  these  variance-covariance  matrices 
were  procured  by  performing  all  possible  analyses 
of  variance  ( ANOVA)  and  cross-product  analyses  for 
the  traits  of  interest  (three  traits  for  Trial  I  and  six 
traits  for  Trial  II).  Assuming  all  factors  as  random, 
except  replicates  within  environments  for  Trial  I,  the 
expected  mean  squares  were  determined. 

Assuming  the  model 

P  =  G  +  E  +  EG 


and 


o* 


Og    +    °E    +    °EG 
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where 

P  =  phenotypic  value, 
G  =  genotypic  value, 
E  =  environment  component, 
EG  =  genotype  by  environment  interaction  com- 
ponent, 
a%  =  phenotypic  variance, 
(x2G  =  genotypic  variance, 
<j\  =  environmental  variance,  and 
a2EG  =  genotype  by  environment  variance, 

the  component  of  variance  estimates,  G0  and  Pjj,  were 
obtained  (table  12). 

Elements  of  the  vector,  a,  of  economic  weights 
were  set  equal  to  1.  Coefficients  for  index  Ii  associ- 
ated with  each  trait  were  obtained  for  the  original 
data  and  the  data  transformed  by  means  of  loga- 
rithms to  the  base  ten. 

From  the  signs  and  magnitudes  of  the  coefficients, 
index  Ix  appeared  to  be  a  contrast  between  LFWT 
and  STMWT  in  Trial  I  (table  13).  For  Trial  II,  how- 
ever, index  Ix  appeared  to  be  a  comparison  of  LFWT 
and  STMWT  versus  RTWT  and  LFAREA,  and  DIA, 
HT  and  RTWT  versus  STMWT  and  LFAREA  for  the 
original  and  transformed  data,  respectively  (table 
13). 

Index  Ix  was  evaluated  by  environment  for  Trial 
I  for  both  the  original  and  transformed  data.  Ranks 
were  assigned  to  the  index  values  within  each  group. 
The  ranking  of  the  clones  within  each  environment 
varied  substantially  from  one  environment  to  an- 

Table  12. — Formulas  to  obtain  component  of  variance 
estimates  for  each  trial 


Component' 


Trial  I 


Trial  II 


M.S.  (Clone),  -  M.S.  (ExC),    M.S.  (Clone),  -  M.S.  (E  xC), 


G,  =  ( 


<tEG,=  ctEC, 


% 


12 
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M.S.  (ExC),-  M.S.  (Error),  MS'  <E  x  C><  ^S-  (Error 


{M.S.  (Envir).  -  M.S.  (Error 
M.S.(Envir),-M.S.(ExC),  \a)), 


100 


-M.S.  (ExC), 

+  M.S.  (Error  (b)),}/16 


for  i,j  =  1,2, 3  (number  of      fori.j  =  1 6 

variables)  (number  of  variables) 

'The  three  components  listed  were  used  to  obtain  the  quantity: 


Table  13. — Estimated  coefficients  for  index  Ix  asso 
ciated  with  various  traits  by  data  base  and  trial 


Trial  1 

Trial  II 

Trait 

Data  base 

Data  base 

Original    Transformed 

Original    Transformed 

DIA 

—              — 

6.8974      27.466C 

HT 

0.3137        0.6631 

1.0832        9.81  8( 

LFWT 

2.1883        1.9500 

118.9613        1.9062 

STMWT 

-3.3192     -1.1332 

66.0984     -4.446C 

RTWT 

—              — 

-35.5430        8.097J 

LFAREA 

—              — 

-61.9364  -15.734c 

other  for  both  the  original  and  transformed  data  (ta 
ble  14).  However,  within  each  environment  the  ranks 
were  approximately  the  same  for  both  the  origina 
and  transformed  data.  Since  the  three  environments 
were  independent  of  each  other,  these  index  values 
were  summed  for  each  clone  and  ranks  were  assignee 
to  these  values  for  both  the  original  and  transformec 
data. 

Index  It  was  not  evaluated  for  each  environmen 
in  Trial  II  because  the  main  objective  was  to  selec 

Table  14. — Ranks  associated  with  index  1 \  values  6j 
environment  for  both  the  original  and  transformec 
data  in  Trial  I 


Environment 

■ 

I 

t 

2 

i 

3 

Clone 

01 

V 

0 

T 

0 

T 

4877 

11 

12 

20 

22 

14 

15 

4878 

16 

19 

10 

14 

8 

11 

4879 

19 

22 

8 

7 

18 

12 

5258 

5 

5 

18 

8 

22 

9 

5262 

13 

20 

6 

10 

9 

10 

5263 

10 

14 

13 

20 

16 

20 

5264 

4 

3 

5 

5 

4 

4 

5265 

2 

2 

3 

2 

1 

2 

5266 

1 

1 

1 

1 

3 

3 

5267 

22 

17 

22 

24 

17 

21 

5271 

25 

25 

25 

25 

23 

25 

5272 

9 

8 

15 

16 

13 

17 

5321 

20 

18 

17 

18 

21 

24 

5322 

24 

24 

14 

11 

5 

8 

5323 

7 

7 

7 

6 

6 

5 

5324 

17 

15 

19 

13 

15 

18 

5325 

6 

6 

9 

9 

10 

7 

5326 

8 

11 

21 

15 

24 

13 

5327 

14 

13 

11 

17 

11 

14 

5328 

21 

9 

4 

4 

7 

6 

5331 

15 

16 

12 

12 

12 

19 

5332 

18 

21 

16 

19 

19 

22 

5334 

3 

4 

2 

3 

2 

1 

5260 

23 

23 

24 

23 

20 

23 

5377 

12 

10 

23 

21 

25 

16 

'Original  data. 
transformed  data. 
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clones  exhibiting  rapid  juvenile  growth  over  all  16 
environments.  Marked  variation  in  the  ranking  of 
the  clones  was  found  from  one  environment  to  the 
next. 

For  Trial  I,  clones  5266,  5334,  5265,  5264,  and 
5323  were  selected  when  the  original  data  were  con- 
sidered, and  clones  5266,  5265,  5334,  5264,  and  5328 
when  the  transformed  data  were  used  (table  15).  This 
selection  was  based  on  the  assumption  that  the  top 
20  percent  of  the  clones  under  consideration  was  to 
be  chosen.  Essentially  the  same  clones  were  chosen, 
regardless  of  the  data  base  (original  or  transformed). 
The  data,  therefore,  need  not  have  been  transformed 
from  a  selection  viewpoint. 

In  Trial  II,  clone  5323,  balsam  poplar,  and  clones 
5339  and  5321  were  selected  based  on  the  original 
and  transformed  data,  respectively  (table  16).  The 
results  of  this  index  are  unexpected,  since  clone  5339 
and  balsam  poplar  are  definitely  not  superior. 

Table  15. — Ranks  associated  with  the  values  of  five 
different  indices  in  Trial  I 


Table  16. — Ranks  associated  with  the  values  of  seven 
different  indices  in  Trial  II 


Clone 

Index 

1 

2 
0 

c 

I 

6 
0 

7 

0' 

V 

TLP 

TST> 

THF 

OC 

0 

4877 

14 

19 

17 

18 

19 

18 

14 

4878 

9 

13 

18 

16 

17 

13 

6 

4879 

18 

12 

5 

8 

4 

3 

13 

7 

5258 

17 

7 

3 

2 

1 

8 

23 

9 

5262 

6 

9 

11 

11 

6 

1 

2 

4 

5263 

13 

20 

15 

15 

10 

2 

7 

5 

5264 

4 

4 

8 

9 

16 

14 

5 

4 

5265 

3 

2 

6 

3 

9 

16 

11 

3 

3 

5266 

1 

1 

2 

1 

3 

4 

1 

1 

1 

5267 

22 

22 

24 

21 

23 

21 

17 

5271 

25 

25 

25 

24 

24 

22 

25 

5272 

11 

11 

14 

12 

13 

6 

8 

5321 

20 

21 

23 

23 

21 

20 

18 

5322 

15 

15 

13 

25 

22 

23 

21 

5323 

5 

6 

10 

6 

8 

9 

3 

10 

5324 

16 

16 

16 

13 

14 

19 

15 

5325 

7 

8 

9 

5 

7 

7 

4 

5326 

21 

10 

4 

4 

2 

10 

22 

5 

5327 

10 

14 

20 

14 

18 

17 

9 

5328 

8 

5 

12 

10 

20 

24 

16 

5331 

12 

17 

19 

17 

11 

12 

10 

5332 

19 

23 

22 

20 

12 

5 

12 

5334 

2 

3 

1 

19 

15 

15 

19 

2 

2 

5260 

24 

24 

21 

22 

25 

25 

20 

8 

5377 

23 

18 

7 

7 

5 

11 

24 

6 

'Original  data  based  on  three  traits, 
transformed  data  based  on  three  traits. 
'Original  data  based  on  two  traits, 
transformed  data  based  on  LFWT. 
Transformed  data  based  on  STMWT. 
Transformed  data  based  on  HT. 
'Original  data  utilizing  a  canonical  variable. 


Index 

Clone 

1 

2 
0 

3 
OC3 

4 
OC 

5 
OC 

6 
0 

7 

0' 

P 

0C14  0C25 

5321 

3 

2 

5 

5 

4 

4 

3 

3 

5323 

1 

4 

1 

4 

2 

5 

2 

2 

5326 

4 

7 

2 

1 

1 

3 

3 

5328 

7 

5 

4 

7 

6 

6 

1 

1       2 

5377 

6 

6 

3 

6 

3 

1 

5260 

5 

3 

6 

3 

5 

2 

8       1 

5339 

8 

1 

7 

2 

7 

7 

Balsam 

2 

8 

8 

8 

8 

8 

8 

8 

'Original  data  based  on  six  traits. 

Transformed  data  based  on  six  traits. 

30riginal  data  utilizing  a  canonical  variable. 

■♦Canonical  variables  associated  with  Photo/Clone  interaction. 

Canonical  variables  associated  with  Temp/Clone  interaction. 

One  critical  assumption  associated  with  this  index 
states  that  index  Ij  is  effective  as  a  discriminator 
only  when  the  genotypic  correlations  between  the 
traits  included  in  the  index  are  high.  The  following 
statistics  were  calculated  from  the  relation: 


rg  =  oGy 


i,j  =  1,  ...,  3  (Falconer  1960) 

for  both  the  original  and  transformed  data. 

All  the  correlations  between  the  three  traits  of 
interest  in  Trial  I  were  high,  with  the  exception  of 
the  genotypic  correlation  between  LFWT  and  HT  for 
both  the  original  and  transformed  data.  Correlations 
based  on  the  transformed  data  were  slightly  higher 
than  those  based  on  the  original  data  (table  17).  In- 
dex Ix,  therefore,  is  an  effective  discriminator  for 
Trial  I.  In  Trial  II,  however,  there  are  low  genotypic 
correlations  between  the  traits  DIA  and  HT,  and 
LFWT  and  HT  for  both  the  original  and  transformed 
data  (table  18).  This  may  indicate  that  index  Ij  is 
not  an  effective  discriminator  in  Trial  II,  possibly 
because  of  the  large  number  of  traits  being  consid- 
ered. 

Weight-free  index. — Before  evaluating  this  index, 
the  assumptions  that  the  distributions  of  the  traits 
are  similar  (at  least  unimodal)  and  that  selection  of 
individuals  with  large  measurements  on  each  trait 
is  desired  were  verified. 

For  Trial  I,  the  trait  HT  was  found  not  to  be  as 
important  as  the  traits  LFWT  and  STMWT,  thus  HT 
was  omitted.  Lower  bounds  for  the  remaining  two 
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Table  17. — Genotypic  correlations  between  three  traits 
based  on  original  transformed  data  (n  =  300)  for 
Trial  I 


Trait 


Trait 


LFWT 

STMWT 

HT 

LFWT 

1.00001 

0.8490 

0.5139 

1.0000 

.8464 

.5574 

STMWT 

1.0000 

.7513 

1.0000 

.7974 

HT 

1 .0000 
1 .0000 

1Upper  figure  is  based  on  original  data  and  lower  figure  on 
transformed  data. 

traits  were  obtained  for  each  environment  and  then 
ranks  were  assigned  to  the  index  values  within  each 
environment.  The  lower  bounds  for  both  traits  in- 
creased from  environment  1  to  environment  3,  in- 
dicating improved  growing  conditions  from  the  growth 
chambers  to  the  greenhouse  environments  (table  19). 

Ranks  associated  with  index  I2  showed  marked 
variation  from  one  environment  to  another.  For  ex- 
ample, clones  5260,  5326,  5258,  5266,  and  5377  were 
selected  in  environment  1,  while  clones  5266,  4879, 
5258,  5334,  and  5265  and  clones  5334,  5258,  5266, 
5326,  and  5377  were  selected  in  environments  2  and 
3,  respectively.  The  only  clones  selected  in  all  three 
environments  were  5266  and  5258  (table  20).  This 
index  appeared  to  be  less  consistent  than  index  Ix 
from  one  environment  to  another. 

Index  values  were  also  summed  over  environ- 
ments for  each  clone  and  ranks  were  assigned.  Clones 

Table  18. — Genotypic  correlations  (over  all  clones)  for 
six  traits  based  on  the  original  and  transformed 
data  (n  =  256)  for  Trial  II 


Trait 


Trait 


DIA 


HT 


LFWT     STMWT     RTWT     LFAREA 


DIA       1.00001  0.3267  0.9256  0.7143  0.8512  0.9619 

1.0000      .2764     .9031      .6923     .7879  .9222 

HT                      1.0000     .4451      .8644     .6731  .6060 

1.0000     .4730     .8251     .6724  .6056 

LFWT                              1.0000     .7774     .9192  .9707 

1.0000     .8248     .8921  .9620 

STMWT                                        1.0000     .8588  .8676 

1.0000     .9132  .9048 

RTWT                                                     1.0000  .9455 

1.0000  .9569 

LFAREA  1 .0000 

1.0000 

'Upper  figure  based  on  original  data  and  lower  figure  based  on 
transformed  data. 


Table  19. — Lower  bounds  for  two  traits  LFWT  and 
STMWT  by  environment 


Environment 

Trait 

1 

2 

3 

LFWT 
STMWT 

7.223 
2.580 

9.458 
5.987 

11.451 
7.379 

5334,  5266,  5258,  5326,  and  4879  were  chosen  (table 
15).  For  both  index  It  and  I2  only  clones  5334  and 
5266  were  chosen  by  each  index. 

For  Trial  II,  index  I2  was  not  evaluated  for  each 
of  the  16  environments.  Based  on  the  ranks  associ- 
ated with  index  I2  values  over  all  environments,  clones 
5323  and  5326  were  selected  (table  16).  Only  clone 
5323  was  chosen  by  both  Ix  and  I2. 

Adaptation  index. — Regression  analyses  of  the 
clone  by  environment  means  on  the  environment 
means  (over  all  clones)  were  performed  for  each  trait. 
Only  the  transformed  data  were  used,  since  the  log- 
arithmic transformation  helped  to  linearize  the  data 
as  well  as  decrease  the  dependence  between  means 
and  variances. 


Table  20. — Ranks  associated  with  index  I2  values  based 
on  two  traits  by  environment  for  Trial  I 


Environment 

Clone 

1 

2 

3 

4877 

9 

24 

13 

4878 

21 

22 

16 

4879 

11 

2 

8 

5258 

3 

3 

2 

5262 

14 

6 

11 

5263 

8 

20 

15 

5264 

12 

8 

6 

5265 

13 

5 

7 

5266 

4 

1 

3 

5267 

23 

23 

23 

5271 

24 

25 

25 

5272 

19 

13 

17 

5321 

20 

21 

24 

5322 

25 

16 

14 

5323 

10 

7 

10 

5324 

17 

11 

19 

5325 

6 

9 

9 

5326 

2 

10 

4 

5327 

18 

18 

18 

5328 

22 

14 

12 

5331 

15 

12 

20 

5332 

16 

15 

21 

5334 

7 

4 

1 

5260 

1 

19 

22 

5377 

5 

17 

5 
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By  definition,  a  clone  is  stable  across  all  environ- 
ments for  a  particular  trait  if  the  slope  of  the  straight 
line  fitted  through  the  above-mentioned  means  is 
near  1.0  (Finlay  and  Wilkinson  1963).  Via  the  method 
of  simple  least  squares,  these  lines  were  fitted  and 
regression  coefficients  were  obtained.  Considering 
Trial  I  and  the  trait  LFWT,  clones  5258,  5325,  5326, 
5327,  and  5377  are  stable,  while  clones  5321,  5322, 
5334,  and  5260  are  highly  unstable.  For  the  trait 
STMWT,  clones  4878,  5324,  5325,  5326,  5327,  and 
5377  are  stable,  while  clones  5271,  5322,  5334,  and 
5260  are  unstable  (table  21).  For  the  trait  HT,  clones 
5258,  5262,  5264,  5265,  5272,  5323,  5325,  and  5377 
are  stable,  while  clones  5271,  5334,  and  5260  are 
unstable.  All  three  traits  considered  jointly  revealed 
clones  5325  and  5377  as  stable,  and  clones  5334  and 
5260  as  unstable. 

To  assist  data  interpretation,  we  made  scatter  dia- 
grams by  plotting  clonal  regression  coefficients  (slopes) 
against  clone  means  (over  all  environments)  for  each 
of  the  three  traits.  Using  figure  5,  we  determined 
the  general  significance  of  the  location  of  the  points 

Table  21. — Estimated  regression  coefficients  associ- 
ated with  the  simple  linear  regression  of  clone  by 
environment  means  on  environment  means  for  three 
traits,  based  on  the  transformed  data 


LFWT 

STMWT 

HT 

Clone 

a1 

b2 

a 

b 

a 

b 

4877 

0.044 

0.915 

0.128 

0.798 

0.471 

0.769 

4878 

-.206 

1.126 

-.034 

.989 

.182 

.920 

4879 

-.322 

1.287 

.029 

1.108 

-.073 

1.063 

5258 

.166 

.981 

.096 

1.083 

-.018 

1.019 

5262 

-.252 

1.206 

.000 

1.088 

.027 

1.036 

5263 

.148 

.862 

.123 

.907 

.176 

.942 

5264 

-.371 

1.340 

-.162 

1.157 

-.049 

1.030 

5265 

-.106 

1.190 

-.092 

1.127 

-.066 

1.035 

5266 

.063 

1.099 

.037 

1.097 

-.197 

1.122 

5267 

.239 

.675 

-.207 

.934 

.056 

.925 

5271 

.184 

.583 

.078 

.598 

.314 

.794 

5272 

.077 

.929 

-.117 

1.112 

.002 

1.016 

5321 

.797 

.308 

.163 

.695 

.246 

.834 

5322 

-1.118 

1.804 

-.658 

1.510 

-.901 

1.386 

5323 

-.172 

1.189 

-.023 

1.089 

.076 

.973 

5324 

.187 

.846 

-.029 

1.014 

-.418 

1.191 

5325 

.049 

1.022 

.062 

1.018 

-.002 

1.012 

5326 

.091 

.993 

.202 

.956 

.160 

.934 

5327 

-.049 

1.009 

-.007 

.960 

.234 

.887 

5328 

-.304 

1.258 

-.365 

1.261 

-.546 

1.206 

5331 

.349 

.722 

.163 

.848 

-.094 

1.055 

5332 

.379 

.649 

.092 

.905 

-.067 

1.054 

5334 

-.623 

1.590 

-.245 

1.341 

-.442 

1.241 

5260 

.785 

.363 

.705 

.353 

.943 

.540 

5377 

-.036 

1.054 

.060 

1.051 

-.012 

1.015 

intercept. 
2Slope. 


CLONE  MEAN 

Figure  5. — General  interpretation  of  the  scatter  dia- 
gram when  clonal  regression  coefficients  are  plot- 
ted against  clone  means. 

on  these  scatter  diagrams.  For  the  trait  LFWT,  clones 
5258(4),  5265(8),  and  5266(9)  appear  well-adapted  to 
all  environments;  for  the  trait  STMWT,  clones  4879(3), 
5258(4),  5266(9),  and  5326(18);  and  for  the  trait  HT, 
clones  4879(3),  5262(5),  5263(6),  and  5266(9)  (figs.  6, 
7,  and  8). 

In  Trial  II  the  slopes  of  the  fitted  lines  indicated 
that  balsam  poplar  was  unstable  for  all  traits  while 
clone  5326  was  stable  for  all  traits  except  DIA  (table 
22). 

Index  I3  (adaptation  index)  has  a  form  similar  to 
index  I2  because  individuals  are  selected  on  the  basis 
of  large  values  of  clone  means  (over  all  environ- 
ments). In  addition,  individuals  are  selected  on  the 
basis  of  small  values  of  the  squared  deviations  of  the 
slope  about  the  mean  slope,  1.0  (i.e.,  min  (b;-1.0)2). 
These  requirements  led  to  the  form  of  index  I3: 

I3  =  (K  -  ki)  (k2  -  (b,  -  1.0)2} 

The  lower  bounds  for  the  expressions  M-.and  (bj-1.0)2 
were  obtained  for  the  traits  used  in  Trials  I  and  II 
(table  23),  and  index  I3  values  and  associated  ranks 
were  calculated.  For  Trial  I,  clones  5266,  5258,  5265, 
5326,  and  5325  were  chosen  for  the  trait  LFWT;  clones 
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Figure  6. — Clonal  regression  coefficients  (slopes) 
plotted  against  clone  means  (over  all  environ- 
ments) for  the  trait  LFWT,  based  on  the  trans- 
formed data. 


z. 

Ui 


o 
o 

o 

to 

J° 
Hi 

QC 
U 

m 

QC 


i.b 

•  14 

1.4 

•  23 
•  20 

1.2 
1.0 

•10 

12*  81.5.5#J  .4 
2  .16   •  25 

.8 

- 

•21 
•  1 

•13 

.6 

•11 

.4 

- 

•24 

.2 

i      i 

i      i      i      i 

.60  .70  .80  .90         1.00        1.10 

STMWT  (logio  grams) 


1.20 


Figure  7. — Clonal  regression  coefficients  (slopes) 
plotted  against  clone  means  (over  all  environ- 
ments) for  the  trait  STMWT,  based  on  the  trans- 
formed data. 


5258, 5326, 5266, 4879,  and  5377  for  the  trait  STMWT; 
and  clones  5262,  5263,  4879,  5266,  and  5332  for  the 
trait  HT  (table  15).  When  all  three  traits  were  con- 
sidered jointly,  only  clone  5266  was  selected.  Due  to 
the  dependence  between  traits,  the  index  values  could 
not  be  summed  over  all  traits  for  each  clone. 

In  Trial  II,  clones  5323  and  5326  were  chosen  when 
each  of  the  six  traits  were  considered  separately,  even 
though  clone  5326  ranked  low  with  respect  to  the 
trait  DIA.  Balsam  poplar  ranked  last  for  all  six  traits 
(table  24),  which  is  understandable  since  this  clone 
is  a  naturally  occurring  Populus  species  and  not  a 
purposely  chosen  hybrid  like  the  other  seven  clones. 

An  alternative  procedure  was  to  construct  index 
I3  m  utilizing  the  th  canonical  variable  associated 
with  the  clone  source  of  variation  in  the  MANOVA 
table  (see  Canonical  index).  The  canonical  variable: 

Y(2>  =  0.02016(LFWT)  -  0.03383(STMWT)  + 
0.00455(HT)  was  chosen  for  Trial  I  and  the  canonical 
variable 
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Figure  8. — Clonal  regression  coefficients  (slopes) 
plotted  against  clone  means  (over  all  environ- 
ments) for  the  trait  HT,  based  on  the  transformed 
data. 
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[able  22. — Estimated  slopes  of  the  straight  lines  fit- 
ted by  regressing  the  clone  by  environment  means 
on  the  environment  means  for  six  traits,  based  on 


Table  24. — Ranks  associated  with  values  of  index  I3 
for  six  traits,  based  on  transformed  data  in  Trial 
II 


transfo 

rmed  data  ( Irial  11 J 

Clone 

Trait 

Trait 

DIA 

HT 

LFWT 

STMWT 

RTWT  LFAREA 

DIA        HT      LFWT    STMWT 

RTWT 

LFAREA 

Hone 

5321 
5323 

4 
2 

5 

1 

4 
1 

5 
2 

2         4 

)321 

0.942   0.926   0.881     0.942 

1.C19 

0.872 

3          1 

)323 

.927   1.008   1.111     1.093 

1.132 

1.034 

5326 

7 

2 

2 

1 

1          2 

1326 

.490     .970     .992      .990 

.983 

1.020 

5328 

1 

7 

3 

6 

4          5 

1328 

1.028   1.097   1.241     1.171 

1.155 

1.238 

5377 

3 

3 

5 

4 

7         3 

>377 

1.243   1.087   1.243    1.159 

1.164 

1.142 

5260 

6 

6 

6 

3 

6          6 

)260 

1.039   1.225     .959    1.016 

.823 

1.018 

5339 

5 

4 

7 

7 

5          7 

>339 

1.189     .983   1.047    1.071 

1.037 

1.061 

Balsam 

8 

8 

8 

8 

8          8 

Jalsam 

.546     .703     .525      .556 

.687 

.614 

Y(2»  =  -0.03020(DIA)  +  0.00437(HT)  - 
0.07773(LFWT) 
-0.05162(STMWT)  +  0.11780(RTWT)  + 
0.03984(LFAREA) 

vas  chosen  for  Trial  II. 

Through  this  canonical  variable,  the  clone,  envi- 
•onment,  and  clone  by  environment  means  were 
ransformed  to  produce  new  canonical  means.  Slopes 
vere  obtained  by  fitting  lines  through  these  new 
neans — i.e.,  regressing  the  canonical  clone  by  en- 
vironment means  on  the  canonical  environment 
neans. 

Index  IP  was  of  the  form 


(2) 


=  (YS2)  -  0.4258){0.8604  -  (bp  -  1.02} 


pr  Trial  I  and 


(21 


=  (Y<2>  -  0.00272){0.4009  -  (bj2)  -  1.02} 


br  Trial  II,  where 

f.(2)=  done  mean  of  canonical  variable  2,  and 
k(2)  =  slope  of  line  fitted  through  canonical  variable 
2  means. 

[able  23. — Lower  bounds  for  two  expressions  which 
form  index  I3  for  the  appropriate  traits  by  trial, 
based  on  transformed  data 


rait 

Trial  1  expression 

Trial  II  expression 

m. 

(b,-1.0)2 

H-i. 

(b,-1.0? 

)IA 

— 

— 

0.7623 

0.2601 

IT 

1.9385 

0.2116 

1.5492 

.0882 

FWT 

.9522 

.6464 

.5170 

.2256 

;tmwt 

.6838 

.4186 

.1258 

.1971 

tTWT 

— 

— 

-.0954 

.0980 

FAREA 

— 

— 

.7687 

.1490 

From  the  ranks  associated  with  the  values  of  in- 
dex I3<2),  clones  5266,  5262,  5323,  5325,  and  5264 
were  selected  for  Trial  I  and  clones  5326  and  5339 
for  Trial  II  (tables  15  and  16). 


For  Trial  I  there  seems  to  be  no  consistency  be- 
tween this  index  and  the  previous  two  indices.  Per- 
haps another  canonical  variable  should  have  been 
chosen,  although  the  signs  and  magnitudes  of  the 
coefficients  of  Y(2)  are  acceptable  from  a  selection 
viewpoint.  In  Trial  II,  the  lack  of  consistency  between 
the  indices  may  be  due  to  the  large  number  of  traits 
on  which  selection  is  based. 

Curvature  index. — Like  the  adaptation  index,  this 
index  selects  clones  on  the  basis  of  one  trait  at  a  time 
over  the  range  of  some  independent  environmental 
measure.  Because  none  of  the  clonal  responses  over 
environments  in  Trial  I  was  quadratic,  this  index 
was  not  evaluated.  In  Trial  II,  this  index  was  eval- 
uated but  an  interpretation  problem  existed  when 
the  ranks  associated  with  the  index  values  for  each 
of  the  six  traits  were  considered  simultaneously. 

Consequently,  the  canonical  variable  2  given  in 
the  previous  subsection  was  used  to  obtain  a  linear 
combination  of  all  six  traits.  For  each  clone  the  quad- 
ratic 


Yf  =  a  +  bTi  +  cT2 


where 


Ti  =  day  temperature  (17,  23,  29,  35°C)  and 

i  =  1,  ...,4;j  =  1,  ...,8 
was  fitted,  as  well  as  the  quadratic  over  all  clones. 
The  curvature  parameter,  p,  for  each  clone  and  over 
all  clones  was  evaluated  by  setting  T  =  T  =  26. 
Clones  with  curvatures  near  the  average  were  con- 
sidered stable  and  those  with  curvatures  much  above 
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or  below  the  average  were  considered  to  have  below- 
and  above-average  stability,  respectively.  Clone  5326 
exhibited  average  stability,  while  clone  5339  and 
balsam  poplar  showed  below-  and  above-average  sta- 
bility, respectively  (table  25). 

Index  I4  was  of  the  form 

I4  =  (Y!2>  -  0.00272X0.00205  -  [p,  -  0.00304]) 

where 

Yj2)  has  previously  been  denned, 

pi  =  i-th  clonal  curvature, 

and  the  constant  inside  the  absolute  value  signs  is 
P- 

From  the  ranks  associated  with  the  values  of  in- 
dex I4,  clones  5326  and  5323  were  selected  (table  16). 
These  results  are  consistent  with  those  obtained  via 
index  I2  and  are  inconsistent  with  the  results  ob- 
tained via  indices  Ij  and  I3. 

Table  25. — Regression  coefficients  for  the  model  Y„ 
=  a  +  6Tj  +  cT2„  the  parameters  p  and  H  for 
each  clone,  and  the  overall  average 


Regression 

Clone 

coefficients 

p 

H 

5321 

-1.26370 

.10552 

-.00170 

0.00340 

0.00127 

5323 

-1.26032 

.10678 

-.00173 

.00346 

.00134 

5326 

-1 .04387 

.09194 

-.00147 

.00294 

.00115 

5328 

-1 .57985 

.12965 

-.00217 

.00434 

.00154 

5377 

-1.08102 

.08832 

-.00132 

.00264 

.00104 

5260 

-.87136 

.07313 

-.00102 

.00203 

.00090 

5339 

-1.66792 

.14504 

-.00254 

.00509 

.00203 

Balsam 

-.29345 

.01662 

-.00019 

.00038 

.00003 

Average 

-1.13267 

.09462 

-.00152 

.00304 

.00104 

Hamiltonian  index. — Using  only  the  data  from 
Trial  II  and  the  estimated  coefficients  of  the  quad- 
ratic equations  developed  for  the  curvature  index, 
the  parameter  H  was  calculated  for  each  clone  anc 
over  all  clones.  Clone  5377  exhibited  average  sta- 
bility, while  clone  5339  and  balsam  poplar  showec 
below-  and  above-average  stability,  respectively  (ta- 
ble 25).  The  interpretation  of  H  is  the  same  as  that 
for  parameter  p. 

From  the  ranks  associated  with  the  values  of  in- 
dex I5,  which  has  the  form  I5  =  (Yj2)  -  0.00272) 
{0.00101  -  [H,  -  0.00104]}  with  the  constant  inside 
the  absolute  value  signs  denoting  H,  clones  5377  and 
5260  were  selected  (table  16).  The  results  obtained 
from  this  index  were  completely  different  from  those 
obtained  from  any  of  the  other  indices.  Possibly  the 
principle  of  conservation  of  energy  does  not  hold  and 
the  function  H  =  f(g(x),  h(x))  is  not  constant  for 
different  values  of  x. 

Distance  index. — A  discriminant  analysis  was 
performed  on  the  original  data  and  the  generalized 
squared  distance  between  each  possible  pair  of  clones 
was  calculated  considering  the  traits  LFWT,  STMWT, 
and  HT  A  pooled  covariance  matrix  was  used  to 
ensure  consistency  with  the  standard  analysis  of  var- 
iance assumption  of  equality  of  variance.  Although 
a  test  for  the  equality  of  a  group  of  variance-covar- 
iance  matrices  was  made  and  resulted  in  the  rejec- 
tion of  the  null  hypothesis  H0:  Sj  =  22  =  ...  =  2P 
=  2  where  p  equals  the  number  of  clones,  this  test 
is  not  a  good  one.  Even  if  one  element  of  one  of  these 
matrices  is  different  from  the  corresponding  ele- 
ments in  the  other  matrices,  H0  will  be  rejected. 

A  better  plan  is  to  look  at  the  correlation  matrices, 
one  for  each  clone,  and  see  if  the  signs  and  magni- 
tudes of  the  coefficients  are  similar  from  one  clone 
to  the  next.  When  this  was  done  the  correlation  ma- 
trices were  found  to  be  quite  similar. 

Next  a  cluster  analysis  was  performed  on  these 
clonal  distances  and  a  dendrograph  was  constructed 
to  display  the  results.  From  this  graph  clones  5266, 
5334,  5265,  5264,  and  5326  were  chosen  for  Trial  I. 
In  Trial  II,  clone  5328  and  balsam  poplar  were  se- 
lected (fig.  9).  Recall  that  this  technique,  however, 
separates  very  poor  clones  also.  Based  on  the  clonal 
means  over  all  environments  for  each  of  the  six  traits, 
balsam  poplar  was  the  poorest  overall  performer  of 
the  eight  clones.  Balsam  poplar,  therefore,  was  re- 
jected and  clone  5323  was  selected  instead  (fig.  10). 
With  the  exception  of  index  Ij  based  on  the  original 
data,  balsam  poplar  was  ranked  the  lowest  of  all 
eight  clones  by  all  the  other  indices  considered  so 
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Figure  9. — Dendrograph  displaying  the  results  of  a 
cluster  analysis  performed  on  the  generalized 
squared  distances  between  25  clones  based  on  three 
traits  in  Trial  I. 
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Figure  10. — Dendrograph  displaying  the  results  of 
a  cluster  analysis  performed  on  the  generalized 
squared  distances  between  eight  clones  based  on 
six  traits. 

far.  lb  interpret  the  dendrograph  correctly  when 
widely  different  clones  are  present,  the  mean  clonal 
response  over  all  environments  for  the  traits  of  in- 
terest must  be  considered. 

The  results  obtained  via  index  I6  agree  closely 
with  those  obtained  by  index  ^  for  Trial  I,  but  are 
inconsistent  with  all  the  other  indices  for  Trial  II. 

Canonical  index. — A  multivariate  analysis  of  var- 
iance was  performed  on  the  combined  data  over  all 
environments  with  all  traits  considered  jointly  for 
both  Trials  I  and  II.  The  form  of  the  univariate  anal- 
ysis of  variance  associated  with  each  trait  prior  to 
the  multivariate  analysis  was  identical  to  that  as- 
sumed for  the  H-S  index  in  Trials  I  and  II  (table  11). 

Canonical  variables  were  derived  from  the  partial 
sums  of  squares  and  cross-products  matrix  due  to  the 


39 


clone  by  environment  interaction  for  Trial  I.  For  Trial 
II,  canonical  variables  associated  with  both  the  par- 
tial sums  of  squares  and  cross-products  matrices  due 
to  the  photoperiod  by  clone  and  temperature  by  clone 
interactions,  respectively,  were  calculated. 

Generally  the  first  two  canonical  variables  ac- 
count for  80  percent  or  more  of  the  total  variation 
in  the  data  and  thus  are  good  for  data  condensation 
and  description  purposes  (table  26).  These  first  two 
canonical  variables,  however,  are  poor  discrimina- 
tors. The  means  of  canonical  variable  1  (one  for  each 
clone)  within  each  environment  tend  to  cluster  around 
the  overall  mean.  This  is  not  true  for  the  means  of 
canonical  variables  2  and  3.  As  a  result,  the  plotting 
of  canonical  variable  1  means  versus  canonical  var- 
iable 2  means  yielded  no  good  clonal  separation,  but 
the  plotting  of  the  means  of  canonical  variables  2 
against  3  did. 

For  trial  I,  three  distinct  clusters  of  points  ap- 
peared, one  for  each  environment,  and  the  superior 
clones  stood  out  clearly.  Clones  5266(9),  5334(23), 
5265(8),  5262(5),  and  5263(6)  were  selected  (fig.  11). 
The  results  of  this  index  also  compare  favorably  with 
those  obtained  by  the  H-S  index,  Ilf  and  the  distance 
index,  I6. 

For  Trial  II,  four  distinct  groups  of  points  were 
exhibited  by  both  plots,  one  for  each  photoperiod  or 
temperature  level. 

Considering  the  means  of  canonical  variables  2 
and  3  associated  with  the  photoperiod  x  clone  inter- 
action, clones  5323(2)  and  5328(4)  were  chosen  (fig. 
12).  When  the  means  of  Y<2>  and  Y(3)  associated  with 
the  temperature  x  clone  interaction  were  considered, 
the  selection  of  clones  was  not  so  obvious.  Balsam 
poplar  (8)  was  definitely  the  poorest  performer,  while 
clones  5260(6)  and  5339(7)  were  "best"  at  two  out  of 
the  four  temperature  levels  (fig.  13).  One  reason  for 
this  dilemma  might  be  the  magnitude  and  signs  as- 
sociated with  the  coefficients  of  the  canonical  vari- 
ables. For  example,  the  signs  of  the  coefficients  for 
the  traits  LFWT  and  RTWT  for  the  temperature  x 

Table  26. — Coefficients  of  each  canonical  variable 
(CANVAR)  and  the  percentage  of  the  total  varia- 
tion explained  by  each  CANVAR  for  Trial  I 


Canonical 

Trait 

variable 

LFWT 

STMWT 

HT 

Percentage 

1 
2 
3 

-0.01614 

.01842 

-.00804 

0.04589 
-.02041 
-.00979 

-0.00257 
.00257 
.00709 

59.12 
24.57 
16.31 

clone  interaction  are  reversed  as  compared  to  coef- 
ficients for  the  same  traits  and  corresponding  can- 
onical variable  related  to  the  photoperiod  x  clone 
interaction. 

Another  reason  was  that  the  elements  of  the  par- 
tial sums  of  squares  and  cross-products  matrix  as- 
sociated with  the  temperature  x  clone  interaction 
were  much  larger  than  the  elements  of  the  corre- 
sponding matrix  related  to  the  photoperiod  x  clone 
interaction.  Thus,  the  temperature  x  clone  means 
were  more  variable  than  the  photoperiod  x  clone 
means. 

The  results  of  I7  based  on  the  photoperiod  x  clone 
interaction  agreed  with  those  obtained  from  index 
I6,  but  not  with  any  of  the  other  index  results. 

Appraisal  of  index  reliability 

Confidence  intervals  about  the  values  of  indices 
I2  through  I5  were  determined  to  appraise  the  reli- 
ability of  the  indices.  However,  due  to  the  large  var- 
iances and  positive  covariances  between  traits,  the 
approximated  variances  associated  with  some  index 
values  were  so  large  that  confidence  intervals  were 
meaningless.  A  more  useful  approach  was  to  apply 
an  index  with  coefficients  estimated  from  existing 
data  to  new  data  and  vice  versa.  This  was  done  for 
indices  Ix  through  I3. 

Index  Ij  with  coefficients  derived  from  Trial  I  was 
applied  to  both  the  original  and  transformed  data 
from  Trial  II,  and  ranks  were  assigned  to  the  re- 
sulting index  values.  Clones  5323  and  5328  were 
chosen.  These  results  agreed  with  those  obtained  by 
index  I6  and  I7  based  on  the  data  from  Trial  II  only. 

To  apply  index  It  with  coefficients,  b,  derived  from 
Trial  II  to  Trial  I,  the  coefficients  had  to  be  recal- 
culated because  not  all  traits  were  present  in  both 
data  sets.  From  the  ranks  associated  with  the  values 
of  this  latter  index,  clones  5326,  5377,  5334,  5266, 
and  5325  were  selected.  With  the  original  index  Ix 
clones  5334  and  5266  were  chosen.  Apparently  the 
index  derived  from  an  experiment  involving  few  en- 
vironments and  many  clones  gives  more  reliable  re- 
sults than  one  obtained  from  an  experiment  involv- 
ing many  environments  arid  few  clones. 

Similarly,  index  I2  with  coefficients  derived  from 
Trial  II  was  applied  to  Trial  I,  and  clones  5334,  5266, 
5258,  5326,  and  4879  were  chosen.  These  results 
compared  favorably  with  those  obtained  by  index  I2 
when  it  was  derived  from  and  used  in  Trial  I.  When 
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Figure  11. — Plot  of  the  means  of  canonical  variable  2  versus  the  means  of  canonical  variable 
3  for  each  environment  based  on  three  traits  for  Trial  I  (Y{2)  and  Y(3)  are  associated  with  HcfJ. 
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Figure  12. — Plot  of  the  means  of  canonical  variable  2  versus  the  means  of  canonical  variable 
3  for  each  photoperiod  level  based  on  six  traits  in  Trial  II  (T<2)  and  Y(3)  are  associated  with 
Hpc). 
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Figure  13. — Plot  of  the  means  of  canonical  variable  2  versus  the  means  of  canonical  variable 
3  for  each  temperature  level  based  on  six  traits  in  Trial  II  (Y{2)  and  Y{3)  are  associated  with 
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index  I2  with  coefficients  derived  from  Trial  I  was 
applied  to  Trial  II,  clones  5323  and  5326  were  se- 
lected. Lower  bounds  derived  from  Trial  I,  however, 
could  not  be  used  in  Trial  II  since  these  bounds  were 
too  high.  These  bounds,  therefore,  were  set  equal  to 
zero  because  two  of  the  three  environments  in  Trial 


I  were  greenhouse  environments  with  means  for  all 
traits  significantly  higher  than  those  for  the  growth 
chamber  environments  of  Trial  II.  Consequently,  no 
valid  comparisons  could  be  made  for  index  I2  other 
than  those  already  mentioned. 
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Similar  problems  with  lower  bounds  arose  when 
index  I3,  based  on  Trial  I,  was  applied  to  Trial  II. 
Also,  index  I3,  with  coefficients  derived  from  Trial  II, 
could  not  be  evaluated  for  all  clones  when  applied 
in  Trial  I.  Only  clones  common  to  both  experiments 
could  be  evaluated. 

These  results  demonstrate  the  data-dependence  of 
all  the  proposed  indices  and  their  coefficients.  In  other 
words,  two  experiments  could  not  be  combined  if  the 
clones  associated  with  Trial  II  were  grown  under 
conditions  different  from  those  of  Trial  I. 

The  number  of  traits  on  which  selection  is  based 
appears  to  influence  the  reliability  of  an  index.  For 
example,  when  the  number  of  traits  associated  with 
index  I2  in  Trial  II  was  reduced  from  six  to  two — 
STMWT  and  SLA — and  individuals  were  selected 
on  the  basis  of  large  values  of  STMWT  and  small 
values  of  SLA,  clones  5323  and  5328  were  selected. 
When  all  six  original  traits  were  considered,  clones 
5323  and  5326  were  chosen. 

As  a  further  extension,  index  Ix  with  coefficients 
derived  from  Trial  I  was  applied  to  first-year  field 
data  composed  of  clones  5321,  5326,  5323,  and  5377. 
Clone  5323  was  chosen  after  assigning  ranks  to  the 
index  values.  This  compares  favorably  with  results 
obtained  by  indices  I6  and  I7  applied  to  Trial  II. 

The  computations  associated  with  indices  I6  and 
I7  must  be  executed  again  whenever  a  new  group  of 
clones  is  tested. 

Indices  and  their  reliability 

Five  of  the  seven  proposed  selection  indices  were 
evaluated  using  data  obtained  from  Trial  I.  The  cur- 
vature and  Hamiltonian  indices  were  not  evaluated 
because  none  of  the  clonal  responses  over  environ- 
ments was  quadratic  and  no  independent  environ- 
mental measure  could  be  associated  with  each  en- 
vironment. 

All  seven  selection  indices  were  evaluated  using 
data  obtained  from  Trial  II. 

In  Trial  I,  reasonable  consistency  was  exhibited 
by  indices  Ils  I2,  I6,  and  I7,  which  selected  clones  5265, 
5266,  and  5334  in  the  top  group  of  five  superior  clones. 
These  results  compare  favorably  with  those  obtained 
by  Wray  (1974). 

In  Trial  II,  the  indices  produced  less  consistent 
results  than  they  did  in  Trial  I.  For  example,  out  of 
nine  cases  (seven  indices  of  which  indices  lt  and  I2 


were  based  on  both  original  and  transformed  data), 
clone  5323  was  in  the  top  20  percent  five  times  and 
clones  5326  and  5328  were  each  included  three  times. 
The  reliability  of  an  index  apparently  decreases  as 
the  number  of  traits  on  which  selection  is  based  in- 
creases. 

In  Trials  I  and  II  the  coefficients  of  index  I,  were 
estimated  from  both  original  and  transformed  data. 
Since  the  variances  associated  with  the  traits  of  in- 
terest tended  to  increase  with  increasing  mean,  and 
since  the  coefficients  of  index  lt  were  based  on  es- 
timated phenotypic  and  genotypic  variances,  the 
transformed  data  were  thought  to  improve  the  re- 
liability of  index  lv  A  comparison  of  index  I,  in  Trial 
I  based  on  both  the  original  and  transformed  data 
revealed  identical  results.  In  Trial  II  the  results  of 
index  It  based  on  both  types  of  data  were  dissimilar. 
The  data  transformation  (logarithms  to  the  base  ten), 
therefore,  did  not  improve  the  reliability  of  index  I,. 

Unlike  the  other  indices,  index  Ij  has  the  built-in 
facility  of  assigning  weights,  either  economic  or  bi- 
ological, to  the  traits  on  which  selection  is  to  be  based. 
The  sign  and  magnitude  of  these  weights  depend  on 
the  goals  of  clonal  selection.  In  Trial  I  equal  weights 
were  assumed  for  lack  of  other  information.  As  in- 
formation about  the  relative  importance  of  these  traits 
becomes  available  it  can  be  incorporated  into  the 
index  and  a  new  set  of  coefficients  will  be  formed. 

Kempthorne  and  Nordskog  (1959)  point  out  that 
index  Ij  is  reliable  only  when  the  genotypic  corre- 
lations between  the  traits  forming  the  index  are  high. 
These  correlations  were  high  for  the  traits  in  Trial 
I,  and  most,  but  not  all,  traits  in  Trial  II. 

Bridgwater  (1972)  used  different  weights  and  var- 
ious combinations  of  six  traits  (height,  diameter,  to- 
tal dry  weight,  specific  gravity,  volume,  and  number 
of  limbs  per  foot)  to  construct  many  indices.  The  form 
of  these  indices  was  the  same  as  index  lx  in  our  study. 
The  expected  gain  (Falconer  1960)  was  employed  as 
a  means  of  deciding  which  index  was  best  according 
to  the  selection  goals.  The  expected  gain  was  found 
to  be  high  only  when  the  traits  height,  diameter,  and 
total  dry  weight  were  incorporated  into  the  index. 
Bridgwater  (1972)  found  that  a  reliable  index  was 
one  containing  traits  with  high  genotypic  correla- 
tions, such  as  the  three  listed  above.  Our  results  tend 
to  support  these  findings. 

Index  Ij  with  coefficients  estimated  from  Trial  I 
was  applied  to  Trial  II,  and  clones  5323  and  5328 
were  selected.  This  procedure  produced  good  results 
compared  with  other  indices.  After  some  additional 
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calculations,  indices  I:  and  I2  based  on  data  from 
Trial  II  were  applied  to  Trial  I,  and  clones  5334  and 
5266  were  among  the  top  five  superior  clones.  These 
results  are  acceptable  when  compared  with  the  re- 
sults of  other  indices. 

Index  I,,  when  derived  from  an  experiment  in- 
volving few  environments  and  many  clones,  gave 
more  reliable  results  than  when  obtained  from  an 
experiment  involving  many  environments  and  few 
clones. 

Index  I2  is  easy  to  calculate  and,  unlike  index  I3, 
which  bases  selection  on  one  trait  at  a  time  over 
several  environments,  index  I2  bases  selection  on 
several  traits  over  one  environment.  The  latter  index 
is  preferred  because  an  average  value  over  all  en- 
vironments can  be  calculated  (environments  are  as- 
sumed independent).  This  cannot  be  done  with  index 
I3  because  the  traits  measured  on  the  same  plant  are 
correlated  with  each  other.  Index  I3  must,  therefore, 
be  evaluated  for  each  trait  separately,  which  leads 
to  interpretation  problems  if  there  are  many  traits. 
Even  if  a  canonical  variable  is  used  to  evaluate  index 
I3,  its  reliability  is  totally  dependent  on  the  canonical 
variable.  A  canonical  variable  which  "explains"  a 
large  percentage  of  the  total  variation  in  the  data — 
say  50  to  80  percent — is  not  desirable.  Canonical 
variable  2  was  usually  a  better  discriminator,  even 
though  it  "explained"  only  10  to  30  percent  of  the 
total  variation. 

Wu  (1973)  originally  proposed  using  the  curvature 
of  a  quadratic  equation  that  was  a  function  of  some 
independent  environmental  variable  as  a  measure 
of  adaptation,  in  contrast  to  the  procedure  outlined 
by  Finlay  and  Wilkinson  (1963).  Wu  (1973),  however, 
stated  that  a  variety  is  stable  when  its  curvature 
approaches  zero.  We  feel  that  a  clone  is  stable  across 
all  temperatures  if  the  curvature  of  a  particular  clonal 
response  was  near  the  overall  average  curvature. 
This  idea  was  incorporated  into  index  I4. 

Index  I5  was  also  evaluated  based  on  data  from 
Trial  II,  but  did  not  perform  as  well  as  index  I4.  Pos- 
sibly no  function,  formed  by  the  product  of  a  growth 
and  growth  rate  function,  which  remains  constant 
over  increasing  temperature  exists.  Indices  I4  and  I5 
were  not  evaluated  in  Trial  I  because  some  necessary 
information  was  absent.  Index  I4  performed  as  well 
as  index  I2  when  both  were  based  on  data  from  Trial 
II.  Clones  5323  and  5326  were  selected  in  both  cases. 


Indices  I6  and  I7  are  constructed  by  methods  that 
involve  complex  computations,  but  existing  com- 
puter programs  partially  solve  this  problem.  Since 
final  selection  is  a  visual  process,  no  mathematical 
functions  are  needed.  Only  the  plotting  of  the  com- 
puter results  is  required  to  produce  a  visual  display. 

The  computations  associated  with  index  I6  can 
easily  be  performed  on  any  computer  accepting  FOR- 
TRAN. The  computations  associated  with  index  I7 
are  performed  by  an  IBM-dependent  package  called 
SAS,  which  is  not  available  for  use  on  a  non-IBM 
computer.  A  procedure  called  REGR,  a  subprogram 
of  the  SAS  package,  was  used  to  perform  MANOVAs 
and  produce  the  canonical  variables  associated  with 
various  sources  of  variation  of  the  assumed  model. 
There  is  the  limitation  that  the  degrees  of  freedom 
associated  with  the  source  of  variation  due  to  regres- 
sion must  be  80  or  less.  Otherwise  the  procedure 
REGR  breaks  down  and  the  plot  of  canonical  means 
cannot  be  constructed. 

In  summary,  an  index  based  on  existing  data  can 
be  used  reliably  to  select  clones  from  a  new  data  set 
or  a  combined  data  set  of  new  and  previously  tested 
clones — provided  the  new  clones  are  grown  under 
environmental  conditions  similar  to  those  under  which 
the  previously  tested  clones  were  grown.  Given  sim- 
ilar environments,  all  indices  present  useful  infor- 
mation in  condensed  form.  Because  indices  I4  and  I5 
can  be  computed  only  when  some  independent  mea- 
sured environmental  factor  produces  a  quadratic 
growth  response,  the  other  indices  should  be  consid- 
ered more  general.  Index  I2  should  be  chosen  if  com- 
putational base  is  important.  However,  index  Ij  is 
best  if  selection  is  to  be  based  on  unequally  weighted 
traits.  Indices  I6  and  I7  are  most  useful  if  a  graphical 
display  is  desirable. 
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PREDICTION  OF  FIELD  GROWTH  POTENTIAL 
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How  well  do  controlled-environment  measure- 
nents  predict  growth  in  the  field?  We  present  here 
guidelines  for  conducting  field  trials,  methods  for 
elating  controlled-environment  to  field  results,  and 
ictual  results  of  controlled-environment  field-cor- 
elation  studies. 

Guidelines  for  Field  TWals 

The  most  important  consideration  is  to  conduct 
eplicated  field  trials  under  the  environmental  and 
ultural  conditions  that  will  prevail  in  actual  prac- 
ice.  Weed  control,  planting  density,  water  manage- 
nent,  and  location  should  all  be  similar  to  intended 
>ractice.  Plots  should  be  large  enough  to  exclude 
?dge  effects,  and  genotypic  composition  should  be 
vhat  might  be  used  in  practice  if  specific  clones  were 
iccepted.  In  short,  proven  field  procedures  with  proper 
Statistical  design  should  be  used. 

For  example,  a  study  could  run  from  1  year  to  3 
/ears,  or  to  rotation  age.  Sixteen  clones  could  be 
frown  at  four  locations  in  a  two-replicate,  random- 
zed-block  layout.  The  experimental  plots  would  each 
contain  four  clones  spaced  6  feet  apart.  Tb  eliminate 
border  effects,  each  block  would  be  bordered  by  two 
•ows  of  whatever  clone  the  experimenter  desires.  Basal 
liameter,  total  height,  and  top  dry  weight  should  be 
;he  variables  on  which  selection  is  based.  Root  var- 
ables  would  be  of  interest  to  many  silviculturists; 
jampling  methods  for  poplar  are  available.  Plot  av- 
erages would  be  analyzed  so  that  the  analysis  would 
je  balanced  even  if  mortality  occurred  in  some  of 
he  plots. 

The  ANOVA  table  analyses  could  be  carried  out 
'or  each  year  separately,  then  combined  for  all  years. 


Source 

Blocks/Locations 
Locations  (L) 
Clones  (C) 
LxC 
Error 

Total 


d.f. 

4 

3 

15 

45 

_60 

127 


Several  authors  have  examined  the  analysis  of 
repeated-measurements  experiments.  Generally, 
analyses  are  kept  simple  if  equal  subclass  numbers 
can  be  maintained.  By  utilizing  plot  averages,  the 
experimenter  has  greater  assurance  of  a  balanced 
experiment. 

The  problem  of  plot  size  has  also  been  investi- 
gated. They  state  that  if  most  of  the  total  cost  is 
assignable  on  a  per-plot  basis,  a  small  number  of 
trees  should  be  assigned  to  each  plot.  However,  if  the 
plot  is  too  small,  the  problem  of  missing  plots  arises. 
Finally,  the  authors  suggest  that  the  biological  ad- 
equacy of  data  collected  from  small  plots  depends  on 
the  magnitude  of  the  correlation  between  the  per- 
formance of  varieties  grown  in  mixture  and  that  of 
the  same  varieties  grown  in  pure  stands.  Four  clones 
per  experimental  plot,  therefore,  appear  minimally 
adequate  for  a  field  study. 

Field  study 

In  this  study,  three  Populus  clones,  adapted  to 
southern  Canada  (5260),  southern  Wisconsin  (5377), 
and  central  Iowa  (5339)  were  used.  Tip  cuttings  taken 
from  stock  plants  growing  in  the  greenhouse  were 
individually  planted  in  commercial  Jiffy-7  pellets, 
then  placed  under  an  alternating  mist  system  on 
greenhouse  benches.  When  the  roots  emerged  from 
the  pellets,  45  of  the  plants  were  planted  in  five  Latin 
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square  designs  at  each  of  two  locations — the  State 
Nursery  in  Ames,  Iowa  (latitude  42°N)  and  the  Hugo 
Sauer  Nursery  in  Rhinelander,  Wisconsin  (latitude 
45°N).  Three  degrees  difference  in  latitude  was  enough 
to  give  markedly  different  environments,  and  hence 
different  growth  patterns  were  expected.  High  levels 
of  nutrients  and  moisture  were  maintained  in  both 
locations.  Stem  height  and  number  of  leaves  were 
recorded  every  2  weeks.  In  addition,  at  approxi- 
mately 30-day  intervals  (July,  August,  and  Septem- 
ber), a  destructive  harvest  was  made  of  one  Latin 
square  (three  plants  per  clone,  three  clones),  and 
stem  height,  stem  diameter,  stem  dry  weight,  leaf 
number,  leaf  area,  leaf  dry  weight,  and  total  top  dry 
weight  were  measured.  This  procedure  was  repeated 
in  1971,  1972,  and  1973  at  both  locations. 

Growth  room 

The  three  Populus  clones  were  placed  in  Latin 
square  designs  in  Percival  growth  chambers  (three 
plants  per  clone,  three  clones,  three  photoperiods)  to 
examine  the  productivity  of  individuals  as  affected 
by  genotype  and  photoperiod.  Cuttings  were  taken 
from  stock  plants  and  rooted  under  mist,  then  trans- 
ferred into  photoperiods  of  13, 14,  and  15  hours,  with 
day  temperature  of  25°C  and  night  temperature  of 
15°C.  High  nutrient  and  moisture  levels  were  main- 
tained throughout  the  experiment.  Stem  height  and 
number  of  leaves  were  recorded  approximately  every 
4  days  until  the  end  of  the  experiment,  when  all 
plants  were  harvested  and  measured  as  in  the  field 
study.  This  portion  of  the  study  was  replicated  four 
times,  with  the  total  growing  period  being  either  6 
weeks  (one  time)  or  7V2  weeks  (three  times).  Results 
were  analyzed  with  correlation  analysis  as  well  as 
simple  ranking  according  to  size. 

Field,  first-year  growth 

Clones  were  ranked  first,  second,  or  third  on  the 
basis  of  their  size  at  the  end  of  each  growing  period 
for  all  3  years.  This  was  done  for  all  seven  variables 
measured  at  both  locations. 

Wisconsin  #5  (W-5)  ranked  first  or  tied  for  first 
with  Crandon  (Cr)  for  all  variables  measured  for  all 
three  growing  seasons  at  both  locations.  In  Ames, 
the  ranking  was  W-5,  Cr,  Tristis  #1  (Tr)  for  each 
variable  measured  for  both  1971  and  1973;  for  1972, 
the  ranking  was  always  W-5,  Tr,  Cr.  Similarly,  in 
Rhinelander,  W-5  ranked  first  or  tied  for  first  with 
Crandon  for  all  variables  measured  for  years  1971 
and  1973;  for  1972,  the  ranking  was  always  W-5,  Tr, 
Cr.  In  general,  growth  trends  were  the  same  at  both 
locations  for  the  years  1971  and  1973;  1972  growth 


differed  from  those  2  years,  but  differed  in  the  same 
way  at  both  locations. 

To  supplement  the  harvest  data,  the  seasonal 
growth  patterns  of  the  clones  were  examined.  Tr  con- 
sistently set  bud  by  mid-July  in  Ames,  whereas  in 
Rhinelander  it  grew  longer  but  more  slowly  than 
during  the  first  half  of  the  growing  season.  In  Ames, 
Tr  showed  approximately  the  same  growth  trends 
for  all  3  years.  At  Rhinelander,  however,  Tr  grew 
differently  in  different  years.  At  the  end  of  the  1972 
growing  season,  for  example,  the  total  top  dry  weight 
of  Tr  in  Rhinelander  was  almost  twice  that  in  Ames, 
although  in  1973  the  total  top  dry  weights  were  al- 
most identical. 

Cr  grew  throughout  the  growing  season  at  both 
locations  for  all  3  years,  although  it  did  not  grow 
well  at  either  location  in  1972.  In  1972,  Cr  grew  best 
in  Ames  with  respect  to  stem  height,  stem  diameter, 
and  leaf  number,  while  in  Rhinelander  it  grew  best 
with  respect  to  leaf  weight,  total  top  dry  weight,  and 
leaf  area;  stem  weights  were  nearly  identical.  In  1973, 
Cr  grew  much  better  in  Rhinelander  with  respect  to 
stem  height,  stem  diameter,  and  leaf  area;  other  var- 
iables were  similar  in  both  locations,  with  the  ex- 
ception of  stem  weight  and  total  top  weight,  which 
were  slightly  larger  in  Ames. 

By  the  end  of  each  of  the  three  growing  seasons 
in  Ames,  W-5  far  surpassed  Cr  and  Tr  for  all  vari- 
ables measured.  In  Rhinelander,  W-5  usually  ranked 
ahead  of  the  other  two  clones.  The  difference  between 
the  first-  and  second-ranking  clones,  however,  was 
not  as  consistently  large  as  in  Ames.  In  1972,  W-5 
grew  better  with  respect  to  six  variables  at  the 
Rhinelander  site,  with  only  tree  diameter  being 
slightly  larger  at  Ames.  In  1973,  W-5  grew  better 
with  respect  to  six  variables  at  the  Ames  site,  with 
only  leaf  area  being  slightly  larger  at  Rhinelander. 

Field,  2-  and  3 -year  growth 

Trees  that  were  not  harvested  by  the  end  of  the 
1971  and  1972  growing  seasons  were  left  to  grow 
until  the  end  of  the  1973  season.  Rankings  for  2- 
year-old  material  in  Ames  were  W-5,  Cr,  Tr  for  the 
variables  stem  height  and  stem  diameter,  and  W-5, 
Tr,  Cr  for  stem  weight.  Rankings  for  2-year-old  ma- 
terial left  at  Rhinelander  were  W-5,  Tr,  Cr  for  all 
variables  measured.  All  three  clones,  however,  were 
larger  in  Rhinelander  than  in  Ames  after  2  years. 
For  example,  Tristis  stem  weight  at  Rhinelander  was 
approximately  six  times  that  in  Ames,  and  W-5  stem 
weight  was  approximately  twice  that  in  Ames.  This 
is  most  probably  a  result  of  more  frequent  irrigation 
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lid  fertilization  in  Rhinelander.  Rankings  for  ma- 
Irial  left  3  years  (planted  spring  1971,  harvested 
111  1973)  at  the  Ames  location  were  Cr,  W-5,  TV  for 
il  variables  measured.  At  Rhinelander,  the  rank- 
i.gs  were  W-5,  Cr,  Tr  for  all  variables  measured. 

In  general,  after  3  years'  growth,  Cr  grew  much 
btter  at  Ames,  W-5  grew  somewhat  better  at 
ihinelander,  and  Tr  grew  only  slightly  better  at  Ames. 

rowth  chamber 

i  Clones  were  ranked  first,  second,  or  third  for  each 
iriable  at  the  end  of  the  growing  period.  The  one 
I'owth  period  of  6  weeks  was  combined  with  the 
uree  growth  periods  of  7V2  weeks,  and  the  pooled 
iieans  were  used  as  a  basis  of  comparison.  Thus,  each 
iean  value  represented  12  trees  (three  trees  per 
one,  four  replications). 

In  the  13-hour  photoperiod  the  ranking  was  W-5, 
r,  Tr  for  the  variables  stem  height,  stem  diameter, 
af  weight,  number  of  leaves,  and  total  top  weight; 
r  the  variable  leaf  area,  ranking  was  Cr,  W-5,  Tr. 
i  the  14-hour  photoperiod  the  ranking  was  again 

-5,  Cr,  Tr  for  the  variables  number  of  leaves,  leaf 
eight,  leaf  area,  stem  weight,  and  total  top  weight; 
it  the  stem  diameter  ranking  was  W-5,  Tr,  Cr.  Stem 
eight  exhibited  a  third  order:  Cr,  W-5,  Tr.  In  the 
j5-hour  photoperiod  treatment,  the  ranking  was  W- 
t  Cr,  Tr  for  leaf  weight,  number  of  leaves,  and  leaf 
rea.  Ranking  for  stem  height,  stem  weight,  and 
,em  diameter  was  W-5,  Tr,  Cr.  Thus,  W-5  ranked 
|rst  in  all  variables  except  13-hour  leaf  area  and  14- 
our  stem  height.  Tr  ranked  last  in  16  of  the  21 
measurements.  Differences  among  clones  were  least 
i  the  13-hour  photoperiod,  greater  in  the  14-hour 
tiotoperiod,  and  usually  greatest  in  the  15-hour 
ho  toper  iod. 


To  quantify  the  relations  for  the  measured  vari- 
ables between  growth  room  and  field  growth,  cor- 
relation matrices  were  calculated  for  three  combi- 
nations of  variables:  (1)  all  variables  in  one  location 
with  all  variables  in  the  same  location;  (2)  each  var- 
iable in  one  photoperiod  with  each  variable  in  the 
same  photoperiod;  and  (3)  each  variable  in  each  lo- 
cation with  each  variable  in  the  different  photo- 
periods.  Thus,  it  was  possible  to  get  "r"  values,  for 
example,  between  stem  height  in  Ames  and  stem 
height  in  a  certain  photoperiod  (table  27). 

Discussion 

By  examining  the  values  in  table  27,  it  can  be 
seen  that  the  13-hour  photoperiod  yielded  the  poor- 
est growth-chamber  and  field  correlations.  This  would 
indicate  there  is  less  discrimination  in  ranking  of 
clones  in  this  photoperiodic  treatment  than  in  the 
longer  photoperiods.  The  results,  indeed,  showed  that 
the  magnitude  of  the  difference  in  performance  be- 
tween the  three  clones  was  least  under  the  13-hour 
treatment.  Higher  "r"  values  were  obtained  between 
field  and  14-hour  growth-chamber  performance,  with 
the  highest  values  being  obtained  between  field 
growth  and  15-hour  growth.  Greatest  differences  in 
performance  between  clones  were  observed  in  the 
growth  room  at  the  longer  photoperiods. 

An  average  correlation  value  was  calculated  for 
each  location  and  photoperiod;  this  value  increased 
progressively  by  photoperiod  for  both  locations.  Thus, 
ranking  of  clones  between  the  growth  room  and  the 
field  appears  consistent  for  each  variable  measured, 
and  variability  in  the  field  when  averaged  over  sev- 
eral trials  is  evidently  not  large  enough  to  disrupt 
this  ranking. 


able  27. — Correlation  coefficients  ("r")  between  growth  chamber  and  field  growth,  by  growth  chamber  pho- 
toperiod and  field  location,  with  clones  and  years  pooled 


Field 
location 


Growth  chamber 
photoperiod 


SH 


SD 


LW 


TTW 


LA 


LN 


SW 


XR 


es 


hinelander 


13HR 
14HR 
15HR 
13HR 
14HR 
15HR 


0.82 

0.44 

0.44 

0.57 

0.31 

0.60 

0.90 

0.58 

.33 

.91 

.79 

.83 

.79 

.81 

.82 

.75 

.80 

.85 

.86 

.88 

.78 

.89 

.90 

.85 

.65 

.34 

.26 

.34 

.32 

.47 

.65 

.43 

.30 

.65 

.70 

.59 

.69 

.66 

.53 

.59 

.61 

.61 

.56 

.59 

.68 

.73 

.65 

.63 

47 


Values  for  the  correlations  between  Ames  and  the 
three  photoperiods  are  larger  than  those  between 
Rhinelander  and  the  three  photoperiods.  This  may 
be  because  there  was  less  difference  between  the 
first-  and  second-ranked  clones  at  Rhinelander  for 
many  variables. 

Ranking  was  consistent  in  the  field  at  both  loca- 
tions for  1971  and  1973.  Although  W-5  did  rank  first 
in  1972  also,  the  fact  that  the  rankings  were  incon- 
sistent with  the  other  2  years  with  respect  to  Tristis 
and  Crandon  was  due  to  the  poor  growth  of  Crandon 
in  1972.  It  is  possible  that  differences  in  climate 
caused  this  difference  in  growth  pattern.  First,  the 
monthly  averages  in  temperature  for  June,  July,  Au- 
gust, and  September  were  all  below  the  10-year  av- 
erage at  the  Ames  location  (National  Oceanic  and 
Atmospheric  Administration  1972).  Second,  the 
monthly  solar  radiation  totals  for  June,  July,  and 
August  were  lower  in  1972  than  in  1971  at  Ames. 
Third,  the  percentage  of  possible  sunshine  days  (100 
percent  =  full  sun)  was  significantly  below  average 
for  July,  August,  and  September  in  1972,  and  below 
average  for  July  and  August  in  1971  and  1973  (Waite 
and  Shaw  1961).  Temperature  readings  also  were 
below  normal  for  June,  July,  August,  and  September 
at  the  Rhinelander  location  in  1972. 

By  the  end  of  the  third  year  at  Ames,  Crandon 
was  firmly  in  first  place.  Tristis  continued  to  set  bud 
early  in  the  season  at  Ames,  resulting  in  its  being 
considerably  behind  the  other  two  clones  after  3  years. 

This  study  showed  that  there  was  consistency  in 
ranking  of  clones  between  the  growth  chamber  and 
the  field  for  many  variables  for  1-  and  2-year  growth. 
Although  growth  differences  did  occur  between  years, 
the  variability,  when  averaged  over  several  years, 
was  not  enough  to  disrupt  these  rankings. 

Therefore,  it  seems  that  it  may  be  possible  to  es- 
timate initial  field  growth  potential  of  clonal  ma- 
terial .by  means  of  a  preliminary  analysis  of  selected 
variables  when  the  material  is  grown  in  controlled 
environments. 
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Minnesota  has  found  itself,  not  unlike  other  Lake 
States,  in  a  situation  where  softwood  supplies  are 
decreasing.  Pure  softwood  stands  that  are  easily  ac- 
cessible and  economically  feasible  to  harvest  are  no 
longer  readily  available.  Recent  legislation  closing 
the  Boundary  Waters  Canoe  Area  to  logging  re- 
moved a  substantial  area  of  such  stands.  Much  of 
the  remaining  softwood  supply  is  not  in  pure  stands 
but  in  mixed  stands  characteristically  containing  low- 
sp*ade  hardwoods  such  as  aspen,  birch,  and  balsam 
poplar.  The  softwood  volume  in  many  of  these  stands 
lias  been  too  small  to  harvest  separately,  but  a  large 
area  of  this  mixed-species  resource  exists. 

Fortunately,  recent  developments  in  the  timber 
ndustry  have  introduced  a  technology  to  utilize  this 
extensive  resource.  Waferboard,  which  can  be  made 
Tom  a  variety  of  hardwood  species,  promises  to  re- 
vitalize the  Minnesota  forest  products  industry  in 
he  1980's.  Consequently,  what  were  once  considered 
'low- value"  hardwoods  have  suddenly  become  an  im- 
>ortant  resource,  in  addition  to  providing  an  eco- 
lomically  feasible  means  of  getting  at  the  scattered 
oftwood  supply. 

! 

Serious  questions  arise,  however,  with  the  advent 
f  such  a  shift  in  the  forest  products  industry.  Un- 
alanced  age  class  distributions  as  well  as  less  than 
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optimal  distribution  of  species  and  cover  types  pres- 
ent two  major  problems  forest  managers  must  face 
in  the  near  future.  In  addition,  in  the  absence  of 
proper  silvicultural  treatments,  forest  stands  have 
become  less  productive  and  more  susceptible  to  in- 
sect and  disease  attack. 

Industry  expansion  must  be  paced  to  match  the 
availability  of  necessary  species  and  the  means  of 
sustaining  their  harvest  over  time.  Regional  labor 
supplies  and  the  necessary  capital  for  investment 
could  both  become  limiting  factors  with  too  high  a 
level  of  development.  On  the  other  hand,  the  poten- 
tial for  increased  socioeconomic  benefits  should  be 
evaluated.  New  jobs,  increased  industrial  growth, 
and  a  revitalization  of  the  wood  industry  can  con- 
tribute to  increased  regional  economic  stability.  For- 
est managers  and  other  decisionmakers  need  infor- 
mation about  the  timber  resource,  potentials  for 
industrial  development,  and  the  socioeconomic  im- 
pacts of  potential  developments  in  order  to  make 
plans  for  the  future. 

A  recently  completed  forest  inventory  of  Minne- 
sota's forests  (Spencer  and  Ostrom  1979)  provides 
detailed  information  about  the  forest  resource.  Also, 
a  newly  developed  Forest  Resources  Evaluation  Pro- 
gram (FREP)  tree  growth  projection  system  (USDA 
Forest  Service  1979)  provides  detailed  inventory  pro- 
jections, with  and  without  timber  harvesting,  to  aid 
in  examining  the  impact  of  harvest  options  on  the 
resource.  The  FREP  system  mimics  the  biological 
function  of  tree  growth  over  time,  allowing  growth 


simulations  of  timber  stands  and  projections  of  tim- 
ber volumes  standing  (and  perhaps  removed)  at  some 
point  in  time. 

Any  increase  in  forest  activity,  such  as  increasing 
the  allowable  cut,  will  also  have  regional  socioeco- 
nomic impacts.  These  impacts  are  not  always  easy 
to  identify  at  first  glance,  but  they  can  be  evaluated 
using  a  submodule  of  the  Minnesota  Regional  Eco- 
nomic Impact  Forecasting  and  Simulation  (REIFS) 
model  (Maki  et  al.  1979).  Developed  by  personnel  in 
the  Department  of  Agricultural  and  Applied  Eco- 
nomics, University  of  Minnesota,  the  model  forecasts 
changes  in  the  economy  over  time,  either  with  or 
without  major  changes  by  man.  That  is  to  say,  either 
the  status  quo  is  maintained  over  time  with  some 
assumed  level  of  annual  increase  (e.g.,  a  4-percent 
increase  in  GNP/year),  or  substantial  changes  are 
made  over  time,  perhaps  to  simulate  the  advent  of 
new  technology  or  markets. 

The  question  arises,  then,  as  to  how  one  might 
link  these  two  models  in  order  to  investigate  various 
alternative  timber  management  opportunities.  Each 
alternative  may  or  may  not  be  associated  with  sub- 
stantial regional  economic  impacts.  Will  new  jobs  be 
created?  What  will  be  the  effect  over  time  on  the 
service  industries  by  expansion  in  one  sector?  How 
will  changes  in  the  timber  industry  influence  re- 
gional demographics  in  20  years?  The  answer  to  the 
linkage  question  lies  in  the  development  of  scenarios 
based  on  the  output  of  the  timber  resource  evalua- 
tion system  (fig.  1). 

This  paper  reports  the  results  of  a  joint  study  by 
the  University  of  Minnesota  College  of  Forestry  and 
the  North  Central  Forest  Experiment  Station  (USDA 
Forest  Service)  designed  to: 

(1)  Develop  methods  of  linking  the  FREP  Lake 
States  Tree  Growth  Projection  System  to  the  Min- 
nesota Regional  Economic  Impact  Forecasting  and 
Simulation  model  for  regional  economic  analysis,  and 

(2)  Test  these  methods  in  northeastern  Minnesota 
for  a  selected  forest  type  by  identifying  a  potential 
forest  management  strategy  and  evaluating  its  re- 
gional economic  impact. 
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Figure  1. — Overview  of  study. 


MODEL  DESCRIPTIONS 

The  FREP  Tree  Growth      I 
Projection  System 

One  does  not  need  to  argue  at  great  length  about 
the  advantages  of  growth  projection  models.  At  a 
time  when  the  forest  resource  land  base  is  dwindling, 
the  ability  to  utilize  models  in  which  the  timber  re- 
source can  be  manipulated  via  simulation  is  ex- 
tremely useful.  With  a  resource  that  is  far  too  val- 
uable to  experiment  with  through  trial  and  error, 
such  simulation  models  aid  researchers  and  forest 
decisionmakers  by  giving  them  the  ability  to,  in  ef- 
fect, see  into  the  future  and  realize  the  consequences 
of  decisions  made  today  (Shannon  1975). 

The  main  element  of  the  FREP  tree  growth  pro- 
jection system  is  its  growth  processor.  Because  the 
data  base  being  worked  with  is  a  collection  of  forest 
inventory  plots,  the  ability  to  predict  growth  on  these 
plots  is  essential.  The  system  developed  by  the  North 


Central  Forest  Experiment  Station  is  an  individual 
tree  growth  model.  Such  models  have  been  widely 
used  and  discussed  in  the  literature  (for  example, 
Arney  1974,  Daniels  and  Burkhart  1975,  Ek  and 
Monserud  1974,  Heggi  1974,  Mitchell  1975).  The 
FREP  system  is  able  to  handle  such  forest  manage- 
ment options  as  precommercial  thinnings,  partial 
cuttings,  etc.,  as  well  as  a  stand's  response  to  these 
activities  (for  a  detailed  description,  see  USDA  For- 
est Service  1979). 

The  Minnesota  Regional 

Economic  Impact  Forecasting 

and  Simulation  (REIFS) 

Model 

The  study  of  regional  economics  has  been  greatly 
enhanced  by  the  use  of  the  input-output  model  ap- 
proach. The  input-output  table,  representing  an  in- 
dustry's role  as  a  purchaser  of  goods  in  order  to  sell 
goods,  is  the  heart  of  the  model.  The  investigator 
constructing  the  table  must  become  familiar  with 
the  regional  economy  (i.e.,  inter-industry  transac- 
tions), if  the  model  is  to  be  of  any  value.  If  the  table 
mirrors  the  region  accurately,  the  analyst  can  ex- 
periment with  hypothetical  or  expected  changes  in 
economic  activity  and  examine  the  implications  for 
industry  outputs.  Such  changes  may  be  linked  to 
alternative  government  policies  and  programs  or  to 
different  projections  of  investment  behavior  (Isard 
1969).  Further  discussion  of  input-output  model  the- 
ory can  be  found  in  texts  by  Miernyk  (1965),  Leontief 
(1966),  and  Richardson  (1972). 

Applications  to  the  forestry  community  are  wide- 
spread (for  example,  Flick  1974,  1976;  Hughes  1970, 
Kaiser  1969).  The  advantages  of  being  able  to  predict 
direct  and  often  more  importantly  indirect  impacts 
resulting  from  industrial  change  can  be  numerous. 
With  large  industrial  expansion  (i.e.,  new  forest 
products  facilities),  regional  development  may  be 
significant. 

The  Minnesota  Regional  Development  Simulation 
Laboratory,  or  SIMLAB,  is  the  computer-based  sim- 
ulation module  of  REIFS  consisting  of  the  core  re- 
:  gional  input-output  model.  REIFS  includes,  in  ad- 
dition to  the  production  module  (i.e.,  input-output), 
the  demand  forecasting  modules,  auxiliary  modules, 
operational  control  modules,  and  SIMLAB  II,  the 
interactive  module.  The  demand  forecasting  mod- 
ules include  the  export  market,  regional  investment, 
and  regional  demand.  Value  added,  employment,  la- 
bor force,  population,  and  households  are  all  con- 
',  tained  as  auxiliary  modules.  For  further  description 


of  REIFS,  the  SIMLAB  User's  Reference  Manual  is 
helpful  (Maki  et  al.  1979). 

NORTHEASTERN 

MINNESOTA  TEST 

PROJECTION 

The  first  phase  of  the  study  was  to  pick  an  area 
of  Minnesota  where  forest  management  opportuni- 
ties exist.  USDA  Forest  Service  Survey  Unit  1,  the 
Aspen-Birch  Unit,  was  selected  because  the  most  up- 
to-date  and  complete  data  base  for  the  regional  eco- 
nomic impact  model  was  available  for  this  area  (fig. 
2).  Table  1  shows  the  total  land  area  by  county  along 
with  the  associated  percentages  of  forest  and  com- 
mercial forest  land  (Arrowhead  Regional  Develop- 
ment Commission  1978). 

In  making  a  projection  of  this  nature,  one  must 
identify  what  it  is  that  may  be  of  interest.  In  this 
instance,  two  observations  were  selected:  (Da  com- 
parison between  two  growth  projections,  one  assum- 
ing timber  harvest  when  silviculturally  desirable, 
the  other  assuming  no  management  activity  at  all, 
and  (2)  an  indication  of  the  harvest  potential  beyond 
the  current  level  of  cut. 

As  a  start  it  was  decided  the  projection  would  be 
made  using  the  1977  Minnesota  inventory  data.  The 
two  runs,  with  and  without  management,  would 
project  only  plots  of  the  aspen  cover  type  in  State 
ownership  for  one  10-year  period.  In  both  cases  the 
plots  would  be  brought  up  to  1980  as  a  starting  point. 
Stand  volumes  by  age  and  site  were  recorded,  and 
the  10-year  projection  begun.  When  year  1990  was 
reached  for  both  runs,  the  stand  volumes  were  re- 
corded, although  in  the  management  projection  the 
appropriate  silvicultural  treatment,  as  built  into  the 
model,  was  carried  out  prior  to  the  final  stand  tally. 
Consequently,  the  management  run  not  only  reflects 
the  stand  volumes  in  1990  after  harvest  but  also  the 
removal  volumes  (table  2a).  The  acreage  represented 
by  each  site  index  and  age  class  combination  is  shown 
in  table  2b. 

Projection  Observations 

As  noted,  two  management  options  were  inves- 
tigated in  this  test  case. 

In  the  no-harvest  projection,  the  imbalances  be- 
tween age  classes  that  existed  in  1980  are  continued. 
Additionally,  not  only  is  there  an  even  larger  stand- 
ing volume  of  aspen  type  in  the  45-65  year  age  class, 
but  the  75  years  and  older  age  class  also  continues 
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Figure  2. — Boundaries  ofUSDA  Forest  Service  Survey  Units  1-4. 


Table  1. — Total  land  area,  forested  land,  and  com- 
mercial forest  land,  Region  1 


Commercial 

County 

Land  area 

Forested 

forest  land 

Acres 

Percent 

Carlton 

551,800 

61 

57 

Cook 

861,400 

99 

74 

Koochiching 

2,001,300 

89 

63 

Lake 

1,319,800 

96 

73 

St.  Louis 

3,899,100 

83 

68 

Total 

8,633,400 

72 

68 

growth.  This  allows  for  overmature  stands  to  become 
ready  targets  for  insect  and  disease  infestation,  even 
beyond  the  maximum  suggested  rotation  age  of  70 
years  if  sawtimber  or  veneer  products  are  the  desired 
ends  (Perala  1977). 


The  managed  run  shows  the  removals  for  timber 
especially  in  the  oldest  age  grouping,  in  addition  t< 
a  substantial  reduction  of  volume  in  the  middle-ag( 
category,  across  all  site  indexes.  This  balancing  ou 
reflects  the  need  to  manage  according  to  site  an* 
geographical  limitations  with  respect  to  rotation  age 
This  is,  in  effect,  cashing  in  on  the  resource  instea< 
of  losing  it  to  deterioration  by  natural  causes.  It  shoul< 
be  pointed  out  that  the  decrease  in  volume  in  the  3{ 
years  and  below  age  group  (for  both  the  no-manage 
ment  and  management  runs)  is  caused  by  mortality 
in  the  former  and  also  thinning  in  the  latter.  Hence 
natural  removals  equal  management  removals  oi 
those  sites  where  stands  are  overstocked. 

Simulated  removals  on  state-owned  aspen  lands 
from  1980-1990  total  2,286,500  cords,  an  average  o 


Table  2a. — Ten-year  FREP  growth  projections  for  state-owned  stands  in  Minnesota's  aspen  type,  with  and 
without  management 

(In  thousand  cords) 


Total 


Qitp 

Age  class  (years) 

index 

35  and  below 

45-65 

75  and  above 

Total 

Less 
than 
40 

1980 

1990  no  management 

1990  managed 

Removals 

7.3 
11.6 
11.6 

0 

0 
0 
0 
0 

10.2 

11.6 

0 

10.2 

17.4 
23.2 
11.6 
10.2 

40 
to 
59 

1980 

1990  no  management 

1990  managed 

Removals 

102.2 

117.8 

117.8 

0 

293.6 
335.5 
137.5 
180.8 

51.1 

126.5 

57.3 

51.1 

446.8 
579.8 
312.6 
231.9 

60 
or 
Greater 

1980 

1990  no  management 

1990  managed 

Removals 

813.8 
613.9 
613.9 
322.4 

1,730.6 

2,237.6 

643.2 

1,440.3 

281.7 

736.8 

71.9 

281.7 

2,826.2 
3,588.3 
1,329.0 
2,044.5 

1980  923.3 

1990  no  management  743.3 

1990  managed  743.3 

Removals  322.4 


2,024.2 

2,573.1 

780.7 

1,621.1 


343.0 
874.9 
129.2 
343.0 


3,290.4 
4,191.3 
1,653.2 
2,286.5 


Table  2b. — Acreage  represented  by  each  site  index  and  age  class  combination  for  10 -year  FREP  growth  pro- 
jections 


Site 
index 


Age  class 


35  and  below 


45-65 


75  and  above 


Total 


Less  than  40 
40  to  59 
60  or  greater 
Total 


1,451 
18,404 
49,167 
69,022 


0 

28,454 

94,299 

122,753 


1,451 

9,831 

27,705 

38,987 


2,902 

56,689 

171,171 

230,762 


229,000  cords  annually.  The  available  data  for  cur- 
rent removals  on  the  same  lands  show  roughly  64,000 
cords  for  a  1-year  period.2  This  indicates  that  current 
cutting  levels  of  aspen  type  on  state-owned  land  are 
approximately  165,000  cords  short  of  the  potential 
cut.  Figure  3  shows  the  historical  trend  of  aspen 
removals  on  all  ownerships  in  comparison  with  birch 
and  miscellaneous  hardwood  types.  These  non-aspen 
types  are  also  acceptable  in  the  manufacture  of  waf- 
'  erboard.  This  observation,  coupled  with  the  desira- 
1  bility  of  balancing  age  classes  and  the  fact  that  the 
1  category  here  (aspen  type,  state  ownership)  is  just  a 
;  portion  of  the  resource  potential  (see  table  3),  would 
'  indicate  that  opportunities  do  exist  for  more  inten- 
sive management  of  the  forest  resource. 


2Timber  sales  data  (by  permits)  during  fiscal  year 
1977-1978,  Region  1,  State  of  Minnesota  Department 
of  Natural  Resources,  Division  of  Forestry,  St.  Paul, 
Minnesota. 


Sustainability  Concerns 

Sizeable  investment  in  a  business  will  not  occur 
if  availability  of  the  required  raw  material  cannot 
be  ensured  in  the  long  run.  One  may  ask  in  this 
example,  then,  whether  an  additional  165,000  cords 
of  aspen  type  can  be  cut  annually  on  state-owned 
land  over  a  long  enough  period  to  sustain  a  given 
wood  products  industry  and  at  the  same  time  be  ac- 
ceptable to  the  public. 

To  enlarge  the  resource  base,  the  test  case  was 
expanded  to  include  aspen  lands  in  county  and  pri- 
vate industry  ownership.  Again  utilizing  the  1977 
inventory  data  for  Survey  Unit  1,  a  volume  regu- 
lation model  was  chosen  to  determine  a  sustainable 
cutting  level  over  time.  Based  on  a  method  developed 
by  Barnes  (1951)  and  modified  by  Rose  and  Burk 
(1980)  for  determining  an  initial  estimate  of  allow- 
able cut,  the  iterative  process  (tabular  check)  was 
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Figure  3.  Pulpwood production  for  USDA  Forest  Survey  Region  1  from  1959  to  1977,  all  ownerships. 


carried  out  to  the  point  where  the  entire  inventory 
of  a  stand  was  cut  once  in  one  rotation.  The  model 
was  applied  to  the  aspen  cover  type,  this  time  on 
State,  county,  and  forest  industry  inventory  plots. 
The  allowable  cut  priorities  in  the  model  were  the 
oldest  stands  first,  with  those  on  the  best  sites  re- 
ceiving top  priority. 

The  imbalance  of  the  age  classes  in  the  present 
aspen  stands  in  northeastern  Minnesota  is  obvious 
(fig.  4).  This  highlights  the  problems  to  be  encoun- 
tered in  the  future  when  set  volumes  are  needed  and 
deficits  may  occur.  Through  regulation,  a  gradual 
trend  toward  even-aged  management  can  be  achieved 
(figs.  4-6).  Figure  5  shows  this  nearly  accomplished 
after  roughly  one  rotation  (70  years).  The  simulation 
shows  growing  stock  volume  inventories  (fig.  7)  de- 
clining over  the  first  20  years  and  gradually  rising 
to  a  higher,  more  stable  equilibrium  level.  The  al- 
lowable cut  (fig.  8)  rises  rapidly  over  the  first  30 
years,  eventually  leveling  off  to  greater  than  550,000 


cords  per  year  on  aspen  cover  type  alone.  This  long- 
run  sustainable  yield  level  is  more  than  150,000  cords 
above  currenc  consumption  (fig.  3). 

Additional  volumes  are  available  from  other  hard- 
wood cover  types,  such  as  birch  (table  5),  but  lack  of 
appropriate  stand  growth  models  prevented  analysis 
of  long-term  sustainable  yields  of  these  hardwoods. 
Another  estimate  of  their  potential  available  volume 
can  be  obtained,  however,  from  comparing  current 
growth  with  current  utilization.  Net  annual  growth 
of  all  hardwoods  excluding  aspen  is  almost  290,000 
cords  annually  (Spencer  and  Ostrom  1979),  while 
only  a  fraction  of  this  annual  growth  is  currently 
being  utilized  (fig.  3). 

All  surplus  volumes  are  based  on  conventional 
volume  measurements.  If  total  tree  harvest  were  im- 
plemented, an  additional  30  percent  of  volume  could 
be  added  to  all  the  stated  surplus  figures.  The  same 
percentage  of  extra  biomass  could  potentially  also 


Table  3. — Hardwood  inventory  summary  for  Region  1,  by  ownership 


Cover  type 

State 

County 

Forest 
industry 

All 

Acreage 

Aspen 

Aspen>50yrs. 
Other  hardwoods 
All  hardwoods 

257,065 

86,641 

168,839 

425,904 

475,222 
119,395 
313,718 
788,940 

209,078 

57,178 

110,298 

319,376 

1,562,053 

430,942 

1,031,746 

2,593,799 

Merchantable 

volume 

(Cords) 

Aspen 

Aspen>50yrs. 
Other  hardwoods 
All  hardwoods 

3,089,183 
1,513,407 
1,997,062 
5,086,245 

5,267,157 
1,819,415 
3,641,195 
8,908,352 

2,384,874 
1,019,717 
1,138,346 
3,523,220 

16,517,283 

6,682,647 

11,388,416 

27,905,699 

Harvestable 

Aspen 

9,574,338 

16,659,387 

7,484,716 

52,258,621 

biomass 

Aspen>50yrs. 

4,637,238 

5,789,155 

3,200,445 

20,883,598 

(Green  tons) 

Other  hardwoods 

6,532,225 

12,156,842 

3,900,162 

37,997,587 

All  hardwoods 

16,106,593 

28,816,229 

11,384,878 

90,256,208 

BTU'sxIO6 

Aspen 

92,200,874 

160,429,899 

72,077,817 

503,250,522 

Based  on 

Aspen>50yrs. 

44,656,621 

55,749,589 

30,820,305 

201,109,077 

harvestable 

Other  hardwoods 

69,856,622 

133,762,229 

42,264,839 

416,687,217 

biomass 

All  hardwoods 

162,057,496 

294,192,128 

114,342,656 

919,937,739 

Megawatt  years 

Aspen 

832 

1,449 

651 

4,421 

Based  on 

Aspen>50yrs. 

400 

502 

276 

1,751 

harvestable 

Other  hardwoods 

632 

1,208 

382 

3,689 

biomass 

All  hardwoods 

1,464 

2,657 

1,033 

8,110 

Residual 
harvestable 
biomass 
(Green  tons) 


Aspen 

Aspen>50yrs. 
Other  hardwoods 
All  hardwoods 


2,623,676 
1,232,072 
1,739,307 
3,899,605 


4,808,284 
1,695,471 
3,417,974 
7,436,184 


2,118,750 

906,082 

1,168,132 

2,929,150 


15,094,734 

5,847,642 

10,665,389 

23,282,530 


BTU'sxIO6 
Based  on  residual 
harvestable 
biomass 


Aspen 

Aspen>50yrs. 
Other  hardwoods 
All  hardwoods 


25,271,247 
11,867,318 
18,262,713 
85,805,247 


46,313,392 
16,330,777 
35,888,727 
78,079,932 


20,407,800 

8,727,328 

12,265,386 

30,756,075 


145,392,478 

56,324,488 

111,986,679 

244,466,565 


2.800 


2.800 


0.000 


0.000 


i  _ 


AGE  (10  YEAR  CLASSES) 
INITIAL  DISTRIBUTION  1977 


AGE  (10  YEAR  CLASSES) 
TABULAR  CHECK  AFTER  10  YEARS 


Figure  4. — Initial  (1977)  age  class  distribution  for  the  aspen  cover  type  on  State,  county,  and 
forest  industry  land  in  Region  1,  and  distribution  after  10  years  of  volume  regulation. 


2.800 


2.800 


2.400 


2.400 


X 

CO 
Uj 

cc 

o 


2.000 


1.600 


1.200 


.800 


CO 

UJ 

ct 
o 


2.000 


1.600  - 


1.200  - 


.800  - 


.400 


.400  - 


0.000 


0.000 


AGE  (10  YEAR  CLASSES) 
TABULAR  CHECK  AFTER  40  YEARS 


AGE  (10  YEAR  CLASSES) 
TABULAR  CHECK  AFTER  70  YEARS 


Figure  5. — Age  class  distribution  for  the  aspen  cover  type  on  State,  county,  and  forest  industry 
land  in  Region  1  after  40  and  70  years  of  volume  regulation. 
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Figure  6. — Age  class  distribution  for  the  aspen  cover  type  on  State,  county,  and  forest  industry 
land  in  Region  1  after  100  and  190  years  of  volume  regulation. 


be  removed  from  timber  stands  currently  being  har- 
vested and  not  considered  surplus  in  our  analysis. 
Thus,  the  potential  for  forest  industry  expansion  in 
Survey  Unit  1  appears  to  be  substantial. 

Linkage  Between  Models 

At  this  point,  the  growth  projection  has  indicated 
biological  opportunities  for  increased  timber  har- 
vests. The  output  is  expressed  in  cord  volumes  by 
cover  type.  To  determine  the  economic  impacts  of 
such  increases  on  the  region,  these  values  must  be 


incorporated  into  the  regional  economic  impact  fore- 
casting system,  which  would  show  how  an  expanded 
timber  industry  based  on  these  timber  volumes  would 
affect  the  various  sectors  of  a  region's  economy. 
Lundgren  and  Essex  (1979)  have  shown  the  inter- 
relatedness  of  major  components  (fig.  9)  of  a  timber 
resource  evaluation  program  designed  to  investigate 
economic  impacts.  Based  on  management  alterna- 
tives, these  economic  impacts  are  the  basis  for  future 
plans  and  programs.  A  scenario  of  industrial  expan- 
sion can  be  devised  in  which  the  timber  harvest  vol- 
ume indicated  by  the  resource  evaluation  system  is 
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Figure  7. — Total  growing  stock  volumes  for  the  aspen  cover  type  on  State,  county,  and  forest 
industry  land  in  Region  1  under  volume  regulation. 
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Figure  8. — Allowable  cut  volumes  for  the  aspen  cover  type  on  State,  county,  and  forest  industry 
land  in  Region  1  under  volume  regulation. 


utilized.  The  scenario  is  the  link  that  transforms  cord 
volumes  into  associated  employment  and  sector  ex- 
pansion— the  socioeconomic  variables  of  interest. 


Scenario  Development 

To  maintain  a  realistic  scenario  of  expanded  in- 
dustrial development,  it  was  necessary  to  investigate 
potential  markets.  Although  aspen  is  an  important 


species  for  pulpwood  in  the  Lake  States,  the  aspen 
resource  has  suddenly  found  an  expanded  use  in  the 
waferboard  industry.  Largely  coincidental  to  this 
study,  announcements  began  cropping  up  of  studies 
to  determine  plant  locations  and  of  planned  ground- 
breaking ceremonies  (Duluth  News-Tribune  1978, 
1979a;  Minneapolis  Tribune  1979).  Even  the  one  pro- 
ducing waferboard  plant  in  the  United  States  an- 
nounced its  expansion  in  Grand  Rapids,  Minnesota 
(Duluth  News-Tribune  1979b). 
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Figure  9. — Major  components  of  a  timber  resource 
evaluation  system  for  economic  analysis  (Lund- 
gren  and  Essex  1979). 

The  logical  industry  had  appeared  and  showed 
promise  for  the  future.  It  has  been  predicted  that  the 
average  variable  costs  of  Minnesota  waferboard,  a 
product  that  competes  favorably  with  plywood,  will 
remain  at  57  to  58  percent  of  southern  plywood  costs 
and  51  to  54  percent  of  western  plywood  costs  through 
1985  (Fuller  and  Veltkamp  1979).  Another  possible 
user  of  the  harvested  biomass  could  come  in  the  form 
of  a  wood-fired  electrical  generation  plant,  an  in- 
terim measure  to  help  meet  regional  energy  needs 
(Rose  and  Olson  1979). 

The  initial  plan  was  to  determine  the  economic 
impacts  of  just  one  new  facility  within  the  region. 
However,  it  was  later  determined  that  because  the 


Year 

1980 
1981 


Industrial  activity 

Construction  of  waferboard  plant  #1  — 
approximately  2  years 


data  base  used  for  the  economic  projection  included 
three  counties  outside  of  Survey  Unit  1,  the  impact 
of  one  such  facility  would  have  a  minor  impact  on 
an  area  of  this  size.  Many  land-use  planners  have 
observed  political  boundaries  overlapping  economic 
development  boundaries,  as  is  the  case  here.  Douglas 
County,  Wisconsin,  is  intimately  associated  econom- 
ically with  the  Duluth  area  (St.  Louis  County,  Min- 
nesota); the  other  two  Counties  included  in  the  re- 
gional impact  study  are  Itasca  and  Aitkin  in 
Minnesota. 

To  demonstrate  economic  impacts  over  a  region  of 
this  size  it  was  necessary  to  consider  more  than  one 
new  industrial  facility.  Thus,  the  scenario  of  devel- 
opment assumed  introduction,  over  a  10-year  period, 
of  four  waferboard  plants  and  one  electrical  genera- 
tion plant  fired  by  wood.  A  facility  would  be  intro- 
duced every  2  years,  the  first  one  beginning  con- 
struction in  1980  and  the  last  one  opening  on  January 
1, 1990.  The  plant  locations  are  not  site-specific;  they 
must  only  lie  within  the  economic  development  re- 
gion boundaries.  Each  type  of  industrial  facility  has 
its  own  input  requirements.  These  inputs  include  not 
only  wood  as  a  raw  material,  but  also  the  construc- 
tion, labor,  and  capital  investment  needed  to  bring 
the  facility  into  operation.  All  must  be  addressed,  as 
they  may  or  may  not  influence  the  regional  economy. 
The  exact  development  schedule  (fig.  10)  and  the 
specific  input  requirements  for  the  economic  evalu- 
ation simulated  via  SIMLAB  are  detailed  in  the  fol- 
lowing sections. 

Facility  opening 


1982 
1983 

Construction  of  25  MW  wood-fired  electrical 
generation  plant — approximately  2  years 

WAFERBOARD  PLANT  #1  opens  January  1,1982, 
averaging  Vz  of  full  production  in  1 982, 

Waferboard  Plant  #1  at  full  production  in  1983. 

1984 
1985 

Construction  of  waferboard  plant  #2— 
approximately  2  years 

POWER  PLANT  opens  January  1 , 1 984. 

1986 
1987 

Construction  of  waferboard  plant  #3— 
approximately  2  years 

WAFERBOARD  PLANT  #2  opens  January  1, 1986, 
averaging  Vz  of  full  production  in  1 986. 

Waferboard  Plant  #2  at  full  production  in  1 987. 

1988 
1989 

Construction  of  waferboard  plant  #4 — 
approximately  2  years 

WAFERBOARD  PLANT  #3  opens  January  1 , 1 988, 
averaging  Vz  of  full  production  in  1 988. 

Waferboard  Plant  #3  at  full  production  in  1 989. 

1990 
2000 


No  further  industrial  expansion 
End  of  projection,  December  31. 


WAFERBOARD  PLANT  #4  opens  January  1 , 1 990, 
averaging  Vfeof  full  production  in  1990. 

Waferboard  Plant  #4  at  full  production  in  1 991 ,  as 
are  others  to  year  2000. 


Figure  10. — Timetable  for  industry  expansion  over  a  10 -year  period. 
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Waferboard  Plant 

"Structural  grade  particle  board,"  "flakeboard,"  or 
waferboard,"  basically  refer  to  the  same  type  of 
>roduct.  The  difference  lies  in  the  actual  chip  used 
n  the  manufacturing  process  and  the  grain  direction 
n  the  chip — i.e.,  the  way  it  is  cut  from  the  log.  Waf- 
irboard  uses  a  "wafer"  that  is  large  and  square  with 
he  grain  parallel  to  the  plane  of  the  cut.  This  is 
iccomplished  by  feeding  the  log  in  sideways  and 
ihipping  it  from  the  side,  rather  than  feeding  the 
>utt  of  the  log  into  the  chipping  drum  (Vajda  1978). 
Consequently,  roundwood  must  be  delivered  to  the 
|)lant  and  chipped,  rather  than  being  chipped  at  the 
anding.  Hence,  whole  tree  chipping  in  the  woods  for 
i  waferboard  product  cannot  be  done  with  current 
echnology. 

With  introduction  of  a  new  waferboard  facility, 
onstruction  activity,  increased  gross  output  in  the 
vood  products  sector,  increased  transportation  via 
ruck  freight  to  haul  the  product,  and  expanded  out- 
iut  in  the  logging  sector  would  all  combine  to  create 
Dbs  and  increase  the  cash  flow  in  the  region.  Changes 
n  these  four  sectors  become  inputs  for  the  SIMLAB 
•rejection. 

Construction 

The  announced  costs  of  a  plant  producing  150  mm 
o  170  mm  ft2  (%-inch  thick  basis)  range  from  $30 
nillion  to  $37  million  in  current  dollars  (Minneap- 
ilis  Tribune  1979).  An  average  of  $32.5  million  was 
lsed  in  this  example  for  the  capital  costs  of  a  plant 
>roducing  150  mm  ft2  (3/s-inch  thick  basis)  per  year, 
rhis  figure  includes  imported  capital  (equipment) 
lot  available  in  the  region,  in  addition  to  the  costs 
tf  construction.  Because  equipment  must  be  pur- 
:hased,  in  most  cases,  outside  the  State,  it  must  be 
sxcluded  from  the  economic  impact  assessment.  The 
■eason,  of  course,  is  that  the  money  expended  will 
lot  flow  into  northeastern  Minnesota.  The  percent- 
ige  of  the  total  capital  costs  spent  on  equipment  is 
lizeable — 55  percent  is  used  here  (Steams-Roger 
Corporation  1970).  Hence,  actual  regional  construc- 
ion  costs  are: 

Capital  costs  (1979  dollars)  $32.5  million 

-.ess  55  percent  supplied  from 
outside  northeastern  Minnesota      $17.88  million 


Index  (CPI)  as  a  deflator,  this  cost  becomes  $5.58 
million  in  1970.  Plant  construction  proceeds  over  a 
23-month  period,  hence  this  figure  is  divided  equally 
to  represent  a  yearly  expenditure. 

Wood  products  sector  output 

The  new  industry  adds  a  gross  output  by  selling 
its  product  in  the  marketplace.  The  gross  value  was 
estimated  in  this  example  by  obtaining  the  current 
retail  price  per  unit  of  the  product  in  the  Minne- 
apolis-St.  Paul  market  area,  then  stripping  back  to 
a  wholesale  price,  FOB  at  the  mill.  This  was  done 
by  using  cost-of-doing-business  ratios  for  retail  and 
wholesale  margin  determination,  and  finally  sub- 
tracting out  an  estimated  cost  per  unit  for  transpor- 
tation. The  Appendix  shows  the  procedure  and  cal- 
culations in  detail.  Again  using  the  CPI  as  a  deflator, 
the  value  of  gross  output  becomes  $2.34/ft3  in  1970 
terms  or  $73.125/M  ft2  (3/8-inch  thick  basis). 

The  first  year  of  operation  for  each  plant  assumes 
only  50  percent  of  full  production.  By  the  second  year, 
efficiencies  of  manpower  and  equipment  allow  for 
full  production  at  150  MM  ft2. 

Transportation  sector  output 

With  the  advent  of  the  new  product,  some  sort  of 
increased  activity  will  occur  in  the  freight  sector.  The 
onrv  presently  operating  waferboard  plant  in  Min- 
nesota (Grand  Rapids)  utilizes  contract  trucking  to 
deliver  its  product  to  market.  The  scenario  devised 
here  assumes  the  Twin  Cities  to  be  the  delivery  point 
(for  further  distribution).  Estimates  of  trucking  rates 
were  based  on  those  charged  the  current  waferboard 
manufacturing  company  (Grand  Rapids  to  the  Twin 
Cities);3  the  rates  were  inflated  linearly  to  roughly 
represent  the  distance  from  Virginia,  Minnesota,  to 
the  Twin  Cities.  Because  this  study  does  not  specify 
plant  locations,  Virginia,  due  to  its  central  location 
in  the  region,  was  selected  as  an  average. 

The  value,  then,  is  expressed  per  unit  output.  In 
1979  dollars,  it  equates  to  $0.28/ft3  of  waferboard 
produced  (1,000  ft3  =  32,000  ft2  on  a  %-inch  thick 
basis).  In  the  first  year  of  operation  (i.e.,  50  percent 
of  full  production),  output  in  the  transportation  sec- 
tor is  $347,867  in  1970  dollars  and  twice  that  amount 
when  full  production  is  reached. 


Regional  construction  costs 


$14.63  million 


Ml  costs  are  expressed  in  1970  dollars  for  the  base 
fear  data  in  SIMLAB.  Using  the  Consumer  Price 


^Personal  communication,  Mr.  Eldon  Keehr,  Intra- 
state tariffs,  Minnesota  Department  of  Transporta- 
tion, November  5,  1979. 
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Logging  sector  output 

Input  requirements  (i.e.,  cord  volumes)  per  unit 
output  had  to  be  determined  to  get  an  estimate  of 
gross  output  for  the  logging  sector  of  the  economy. 
By  then  assigning  the  average  price  for  a  delivered 
cord  of  aspen,  a  rough  estimate  could  be  made.  The 
average  price  for  aspen  at  the  time  of  this  simulation 
was  $26/cord,  delivered  (Minneapolis  Tribune  1979). 
The  input  requirement,  cords/M  ft2  (%-inch  thick  ba- 
sis), was  obtained  two  ways.  Rough  quoted  estimates 
of  cords  consumed  per  year  by  a  waferboard  plant  of 
the  same  size  placed  the  figure  around  780  cords/MM 
ft2  (Fuller  and  Veltkamp  1979).  Using  a  transfor- 
mation formula  for  flakeboard  (1,235  kg  dry  wood 
input  per  ton  output),  an  estimate  of  771  cords/MM 
ft2  was  obtained  (Vajda  1975).  For  this  study,  then, 
800  cords/MM  ft2  (%-inch  thick  basis)  was  used  as 
the  waferboard  input  requirement  estimate. 

25  MW  Wood-fired 
Power  Plant 

The  only  differences  in  terms  of  sector  changes  for 
a  new  power  facility  versus  a  waferboard  plant  are 
a  different  intensity  of  construction,  additional  gross 
output  in  the  electric  utility  sector,  and  a  different 
wood  requirement  per  unit  output.  The  transporta- 
tion sector  is  not  noticeably  influenced  by  the  new 
plant,  although  nearly  all  sectors  of  the  economy  will 
reflect  some  change  resulting  from  industrial  ex- 
pansion. This  will  be  discussed  further  in  the  impact 
assessment  section. 

Construction 

Plant  construction  costs  for  a  25  MW  wood-fired 
power  facility  were  estimated  at  $8,611,000  in  1973 
dollars  (Steams-Roger  Corporation  1970).  Equip- 
ment costs  were  estimated  to  be  57  percent  of  this 
figure,  leaving  $2,814,790  in  1970  dollars.  Based  on 
a  20-month  development  schedule,  this  figure  would 
be  divided  in  half,  as  were  the  waferboard  plant  costs, 
to  represent  an  annual  expenditure  over  2  years. 

Electric  utility  sector  output 

Gross  output  was  based  on  the  assumption  that 
the  power  plant  would  run  365  days  a  year,  24  hours 
a  day.  It  was  further  assumed  the  plant  would  gen- 
erate, on  the  average,  at  80  percent  of  full  capacity. 
Rates  in  effect  in  1970  for  residential  usage  were 
obtained  from  past  records.4  The  gross  output  in  1970, 
then,  is: 


25    MW    x    0.80    (percent    load)    x    8,760    hrs/ 

KW 
yr      x      $0,028      KWhr      x      1,000  ^z  = 

MW 

$4,905,600. 
Logging  sector  output 

Wood  requirements  at  full  load  were  found  to  be 
106,775  cords/year  (Olson  1978).  At  80  percent  of 
capacity,  roughly  85,000  cords  are  required.  This  is 
the  input  value  used  in  this  study.  Actually,  a  plant 
could  get  by  with  less,  as  all  biomass  is  burned  (i.e., 
whole  tree  harvesting).  This  reduction  could  be  as 
much  as  45  percent. 

In  view  of  the  development  scenario,  timber  vol- 
ume requirements  are  summarized  by  year  through 
the  projection  period  (table  4).  Also  shown  is  the 
value  of  the  output  in  this  sector,  using  the  $26/cord 
present  worth  deflated  by  the  CPI  to  1970.  Although 
it  is  not  input  into  the  SIMLAB  projection,  man- 
hours  per  year  required  to  carry  out  the  correspond- 
ing annual  harvest  is  also  indicated.  This  is  based 
on  a  0.89  cords/man-hour  estimate  (Biltonen  et  al. 
1976)  that  includes  all  workers  involved  in  such  a 
full-time  harvesting  system.  It  is  included  to  indicate 
the  magnitude  by  which  jobs  may  be  increased  by 
accelerating  timber  harvest  activities.  The  input- 
output  model  uses  its  own  transaction  coefficients  to 
determine  changes  in  the  other  sectors. 

Adjustments  to 

Transportation  and  Logging 

Sector  Outputs 

The  wood  products  sector  (gross  output)  and  to  a 
lesser  extent  the  electrical  products  sector  are  the 
main  driving  forces  for  economic  changes  in  this 
scenario.  In  both  instances,  these  industries  are  rel- 
atively new.  Because  SIMLAB  uses  an  input-output 
analysis  based  on  historical  industry  transaction  in- 
formation, it  is  not  as  sensitive  to  inter-industry 
transactions  given  the  new  industry  component.  For 
example,  the  input-output  ratio  (i.e.,  transaction 
coefficient)  representing  the  amount  purchased  from 
the  logging  sector  in  order  to  produce  $1  of  product 
by  the  wood  products  industry  was  too  low.  The  model 
did  not  adequately  account  for  total  purchases — tim- 
ber input — required  to  make  the  waferboard  or  elec- 
trical products.  This  was  also  true  of  the  transpor- 
tation sector  output.  Consequently,  the  transportation 

^Personal  communication,  Ms.  Elizabeth  Dupay, 
Rates  Department,  Northern  States  Power.  November 
12,  1979. 
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Table  4. — Cord  requirements  for  development  sce- 
nario by  year  with  associated  gross  output  for  the 
logging  sector  and  man-hours/year  required  for 
harvest  operation. 


Timber 

Gross  output  in 

Year 

requirements 

logging  sector 

Man-hours/year1 

Cords 

1970  million  dollars 

Thousand 

1980 

1981 

120,000 

1.65 

107 

1982 

120,000 

1.65 

107 

1983 

205,000 

2.83 

183 

1984 

205,000 

2.83 

183 

1985 

325,000 

4.48 

290 

1986 

325,000 

4.48 

290 

1987 

445,000 

6.13 

397 

1988 

445,000 

6.13 

397 

1989 

565,000 

7.79 

505 

1990 

565,000 

7.79 

505 

yearly 

yearly 

yearly 

to 

to 

to 

2000 

2000 

2000 

2000 

1Assumed:  2,000  man-hours/year  average,  hence  1990 
figure  translates  into  approximately  253  man-years  of 
employment. 

and  logging  sector  figures  were  adjusted  to  show  those 
increases  in  gross  output  that  the  model  did  not  ac- 
count for  internally. 


The  Appendix  includes  an  example  showing  how 
these  adjustments  were  made.  Table  5  cites  the  val- 
ues by  sector  and  year  used  as  inputs  to  modify  the 
economy  of  the  study  region  in  the  SIMLAB  test 
projection. 

Projection  Results 

According  to  the  schedule,  changes  were  made  to 
the  study  area's  economy  corresponding  to  industrial 
development.  Industrial  classifications  were  broken 
down  into  sectors  for  the  test  projections  (table  6). 
The  baseline  projection  represents  events  as  they 
would  evolve  in  the  absence  of  timber  industry  ex- 
pansion. The  development  projection  is  compared 
against  this  and  any  deviation  from  the  baseline 
noted.  Based  on  the  development  scenario,  the  changes 
in  final  demand  (table  5)  were  made  in  the  appro- 
priate years  of  the  projection.  The  construction,  log- 
ging, wood  products,  truck  transportation,  and  elec- 
trical service  sectors  (i.e.,  sectors  12,  15,  16,  35,  and 
38,  respectively)  were  those  incurring  the  simulated 
direct  economic  activity.  The  total  variable  effect  (e.g., 
employment),  as  represented  in  tables  7-11,  is  the 
sum  of  the  values  for  the  baseline  and  the  develop- 
ment impact  deviation.  Five  of  the  program  output 
tables  (total  population,  total  employment,  gross 
output,  total  earnings  from  wages  and  salaries,  and 
totals  in  capital  stock  investment)  were  summarized 
and  are  discussed  next. 


Table  5. — Scenario  input  to  modify  economy  of  test  region  by  sector  and  year 


(In  1970  dollars) 


Adjusted 

Adjusted 

Construction 

Wood  products 

Electrical  product 

transportation 

logging  sector 

Year 

Activity 

costs 

sector  output 

sector  output 

sector  output 

output 

1970 

(0) 

(0) 

(0) 

(0) 

(0) 

1980 

(Construction  waferboard  plant  #1) 

2,790,000 

1981 

2,790,000 

5,484,000 

1982 

Waferboard  plant  #1  opens  1/1/82 

1,407,000 

10,969,000 

332,283 

616,590 

1983 

(Construction  power  plant) 
Power  plant  opens  1/1/84 

1,407,000 

10,969,000 

664,568 

762,991 

1984 

2,790,000 

10,969,000 

4,906,000 
yearly  to  2000 

664,568 

762,991 

1985 

(Construction  waferboard  plant  #2) 

2,790,000 

16,453,000 

664,568 

2,412,991 

1986 

Waferboard  plant  #2  opens  1/1/86 

2,790,000 

21,938,000 

996,846 

1,379,580 

1987 

(Construction  waferboard  plant  #3) 

2,790,000 

27,422,000 

1,328,126 

1,995,981 

1988 

Waferboard  plant  #3  opens  1/1/88 

2,790,000 

32,906,000 

1,660,409 

962,571 

1989 

(Construction  waferboard  plant  #4) 

2,790,000 

38,391,000 

1,992,691 

1,589,161 

1990 

Waferboard  plant  #4  opens  1/1/90 

(0) 

43,875,000 

2,324,971 

555,562 

1991 

No  additional  industrial  development 

(43,875,000 

yearly  to 

2000) 

(2,657,254 

yearly  to 

2000) 

(0 

yearly  to 

2000) 

2000 

End  projection 
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Table  6. — Breakdown  of  test  region  economic  sectors, 
SIMLAB 

Sector 

number  Sector  names 

1  Livestock  and  livestock  production 

2  Other  agricultural  production 

3  Peatland  production  (empty) 

4  Agricultural  services,  forestry1  and  fisheries 

services  and  products 

5  Iron  and  ferrous  alloy  ores 

6  Other  metal  ores  except  copper 

7  Copper  ore  mining  except  Minnesota 

8  Open  pit  copper  ore  mining,  Minnesota 

9  Deep  shaft  copper  ore,  Minnesota 

10  Nonmetal  mining 

11  Agricultural  chemicals 

12  Contract  construction 

1 3  Food  and  kindred  products 

14  Apparel  and  miscellaneous  fabrics,  textiles 

15  Logging  camps,  sawmills 

16  Other  lumber  and  wood  products 

17  Paper  and  allied  products 

18  Printing,  publishing,  and  allied  industries 

19  Chemicals 

20  Peat-chemicals  (empty) 

21  Petroleum  refining  and  related  industries 

22  Rubber  and  miscellaneous  plastic  products 

23  Stone  and  clay  products 

24  Primary  iron  and  steel  industries 

25  Primary  copper  industries 

26  Copper  rolling  and  drawing  industries 

27  Other  1  °  metals  rolling  and  drawing  industries 

28  Fabricated  metal  products 

29  Machinery,  except  electrical 

30  Electrical  machinery 

31  Miscellaneous  manufacturing 

32  Transportation,  except  following 

33  Railroad  transportation 

34  Highway  passenger  transportation 

35  Truck  transportation  and  warehousing 

36  Air  transportation 

37  Communication 

38  Electric  service 

39  Gas  service 

40  Water  service 

41  Wholesale  trade 

42  Retail  trade 

43  Finance  and  insurance 

44  Real  estate  and  rental 

45  Hotels,  personal  and  repair  services 

46  Business  services 

47  Automobile  repair  and  service 

48  Amusements 

49  Medical,  educational,  and  nonprofit  organizations 

50  Federal  government  enterprises 

51  State  and  local  enterprises 

52  Other  industry 

53  Other  government  (public  goods  and  services) 

Industries  engaged  primarily  in  operation  of  timber  tracts, 
nurseries,  and  forest  services  (fire  protection). 


Total  population 

Table  7  shows  the  total  population  by  age  groups 
through  year  2000.  The  development  impact  on  pop- 
ulation in  1985,  1992,  and  2000  is  positive,  as  would 
be  expected.  The  largest  impact  falls  in  the  group 
between  25  and  34  years  of  age.  It  should  be  pointed 
out,  though,  that  these  population  projections  reflect 
more  than  the  result  of  industrial  expansion.  They 
also  reflect  a  decreasing  population,  which  can  be 
seen  by  viewing  only  the  baseline  projection.  The 
reason  for  this  downward  trend  is  decreasing  em- 
ployment in  taconite  mining  and  manufacturing  be- 
yond the  mid-1980's  (Meagher  et  al.  1979).  The  "in- 
crease" in  population  due  to  the  timber-based 
expansion  only  slightly  offsets  this  baseline  de- 
crease. Population  in  the  study  area  for  the  year  2000 
is  estimated  at  334,071  for  the  development  projec- 
tion, compared  with  325,571  for  the  baseline  case. 


Total  employment 

Neither  of  the  two  new  industries  involved  in  the 
development  scenario  is  particularly  labor-inten- 
sive. Nevertheless,  they  have  far-reaching  effects 
throughout  the  economy.  Table  8  represents  the  sta- 
tus quo  employment  projections  in  the  baseline  run, 
in  addition  to  employment  effects,  by  sector,  as  a 
result  of  increased  economic  activity.  As  expected, 
employment  in  the  logging  and  wood  products  sec- 
tors (15  and  16)  shows  noticeable  increases  with  re- 
spect to  the  other  sectors.  This  is  especially  true  in 
1985  and  1992.  Even  more  interesting,  though,  are 
the  sizeable  increases  in  the  service  sectors  of  whole- 
sale and  retail  trade  (41  and  42),  and  the  medical, 
educational,  and  nonprofit  organizations  (49).  Com- 
bined with  the  "other  government"  sector  (53),  which 
represents  the  traditional  bureaucratic  levels  of  Fed- 
eral, State,  and  local  agencies,  these  four  groups  con- 
stitute nearly  59  percent  of  the  total  employment 
increases  attributed  to  the  industrial  development 
in  year  2000.  In  that  year,  the  four  sectors  that  were 
altered  in  the  development  case  only  contribute  ap- 
proximately 24  percent  to  the  total  employment  in- 
crease of  4,495  persons.  Additionally,  they  also  show 
a  decline  in  total  numbers  from  1992.  Compared  with 
the  base  year  of  1977,  total  employment  decreased 
4.6  percent  by  2000  in  the  development  case,  com- 
pared with  7.8  percent  in  the  baseline  projection.  It 
is  more  likely  that  industrial  growth  picked  up  un- 
employed personnel  in  the  region,  rather  than  caus- 
ing an  immigration  of  workers  from  outside  the  study 
area. 
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Table  7. — Estimated  and  projected  total  population  by  age  groups,  northeastern  Minnesota  and  Douglas 

County,  Wisconsin,  1977-2000 


1977 

1985 

1992 

2000 

Age 

Development 

Development 

Development 

group 

Baseline 

Baseline 

impact 

Baseline 

impact 

Baseline 

impact 

1-5 

36,110 

39,894 

35 

33,043 

476 

25,069 

1,238 

6-11 

45,743 

44,767 

97 

49,233 

383 

39,472 

1,020 

14-17 

32,776 

17,918 

56 

19,852 

270 

23,089 

391 

18-24 

49,776 

36,783 

193 

25,163 

715 

30,509 

922 

25-34 

53,275 

66,518 

180 

53,192 

1,260 

30,569 

2,409 

35-54 

81 ,672 

81,302 

112 

95,550 

606 

106,817 

1,770 

55-64 

40,880 

35,220 

36 

31,357 

188 

31,427 

368 

65  + 

43,721 

43,816 

42 

41,875 

207 

38,620 

383 

Column  total 

383,954 

366,218 

749 

349,266 

4,104 

325,571 

8,500 

Grand  total 

383,954 

366,967 

353,370 

334,071 

Table  8. — Estimated  and  projected  total  employment,  northeastern  Minnesota  and  Douglas  County, 

Wisconsin,  1977-2000 


(In  number  of  persons  employed) 


1977 

1 

985 

1992 

2000 

Development 

Development 

Development 

Number 

Industry  title1 

Baseline 

Baseline 

impact 

Baseline 

impact 

Baseline 

impact 

1 

Livestock 

2,116 

1,593 

— 

1,657 

15 

1,442 

17 

2 

Other  agric. 

1,503 

1,226 

— 

1,144 

19 

996 

19 

4 

Agric,  for.,  fish.  serv. 

775 

930 

24 

1,069 

74 

1,264 

74 

12 

Construction 

3,992 

4,222 

84 

4,025 

43 

4,163 

45 

13 

Food,  kindred  products 

3,464 

3,132 

— 

2,849 

15 

2,646 

23 

15 

Logging,  sawmills 

1,273 

1,206 

46 

1,158 

104 

1,128 

87 

16 

Other  lumb.,  wood 

prod. 

Paper,  allied  prod. 

833 

841 

259 

837 

874 

859 

747 

17 

5,599 

5,753 

8 

5,749 

26 

5,942 

26 

21 

Petroleum  refin. 

399 

320 

— 

257 

6 

212 

7 

29 

Machinery,  exc.  elect. 

608 

683 

15 

687 

27 

784 

17 

32 

Transport,  except: 

1,947 

1,679 

6 

1,312 

14 

1,052 

11 

33 

Rail  transport 

2,326 

2,091 

17 

1,857 

39 

1,684 

35 

35 

Truck  transport 

838 

838 

39 

848 

136 

885 

129 

37 

Communication 

1,215 

995 

52 

795 

22 

652 

26 

38 

Electric 

1,145 

981 

66 

864 

59 

789 

49 

41 

Wholesale  trade 

7,587 

7,481 

79 

6,952 

218 

6,721 

237 

42 

Retail  trade 

30,573 

30,167 

174 

27,787 

733 

26,434 

1,144 

49 

Medical,  educ.org. 

13,876 

13,207 

21 

11,940 

96 

10,727 

178 

50 

Fed.  enterprises 

918 

967 

13 

985 

28 

1,031 

39 

53 

Other  government 

22,993 

23,571 

146 

23,436 

592 

23,372 

1,079 

Column 

total 

103,980 

101,883 

1,049 

96,208 

3,140 

92,783 

3,989 

Total  all 
Grand  tc 

53  sectors) 

138,750 

136,580 

1,183 

130,908 

3,504 

127,920 

4,495 

tal 

138,750 

137,763 

134,412 

132,415 

1See  table  6  for  complete  titles. 

Gross  output 

The  value  of  production  in  producer's  prices — gross 
output — is  used  as  a  measure  of  region's  business 
volume.  Industries  within  the  region  buy  goods  and 
services  from  other  industries  to  stay  in  operation. 
Workers  spend  their  payrolls  also  to  buy  goods  and 
services.  Table  9  shows  the  value  of  gross  output  by 


sector  for  the  baseline  and  the  development  cases. 
In  the  year  2000,  timber-based  sectors  15  and  16 
together  represent  35  percent  of  the  total  increase 
in  gross  output  (above  the  baseline),  valued  at 
$178,970,000.  Compared  with  1977,  the  baseline 
projection  to  year  2000  indicates  a  53  percent  in- 
crease in  gross  output.  With  industrial  growth,  the 
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Table  9. — Estimated  and  projected  value  of  gross  output,  northeastern  Minnesota  and  Douglas  County, 

Wisconsin,  1977-2000 


(In  thousands  of  1970  dollars) 

Industry  title1 

1977 
Baseline 

1985                                     1992 

2000 

Number 

Development                       Development 
Baseline         impact            Baseline         impact 

Development 
Baseline         impact 

1 

2 

4 
12 

13 
15 

16 
17 
21 

29 

32 

33 

35 

37 

38 

41 

42 

49 

50 

53 

Column  total 

Total  (all  53  sectors) 

Grand  total 


Livestock 
Other  agric. 
Agric,  for.,  fish, 
serv. 

Construction 
Food,  kindred 
products 

Logging,  sawmills 
Other  lumb.,  wood 
prod. 

Paper,  allied  prod. 
Petroleum  refin. 
Machinery,  exc. 
elect. 

Transport,  except: 
Rail  transport 
Truck  transport 
Communication 
Electric 

Wholesale  trade 
Retail  trade 
Medical,  educ.org. 
Fed.  enterprises 
Other  government 


48,153 
24,049 

20,151 
132,037 


48,153 
25,364 

24,520 
153,861 


319,507 

364,048 

92,349 

115,057 

34,954 

42,318 

227,799 

297,191 

58,860 

64,805 

21,397 

28,799 

94,416 

111,900 

67,859 

79,115 

15,988 

18,161 

31,784 

34,891 

85,765 

95,938 

160,085 

185,601 

260,396 

294,282 

187,782 

197,238 

14,259 

15,430 

539,017 

662,565 

2,436,608 

2,859,239 

3,626,672 

4,220,464 

3,626,672 

4,21 

636 
3,035 

340 
4,395 

13,539 
437 
525 

637 

411 

638 

860 

274 

6,522 

1,935 

1,698 

316 

218 

4,105 

40,522 

46,138 

,602 


63,904 
29,995 

27,788 
156,896 

401,311 
133,363 

48,359 

361 ,938 

69,792 

33,479 

128,656 

87,223 

20,076 

36,729 

109,840 

204,699 

310,907 

193,561 

16,298 

760,922 

3,195,736 

4,782,795 

4,921 


569 
503 

1,909 
1,676 

2,041 
12,828 

50,478 
1,596 
1,621 

1,313 

1,385 

1,866 

3,205 

1,034 

7,563 

6,408 

8,210 

1,545 

460 

19,205 

125,414 

139,009 

,805 


70,865 
33,067 

32,342 
172,901 

450,968 
158,370 

56,857 

455,133 

77,136 


44. 

151, 

98 

22 

39; 

130, 

233; 

338, 

188 

17, 

874; 

3,646, 

5,561, 


071 
717 
091 
822 
640 
141 
364 
318 
376 
607 
976 
765 
805 
5,740 


855 
634 

1,876 
1,849 

3,987 
12,221 

49,494 
2,018 


962 

1,568 

2,032 

3,330 

1,566 

8,193 

8,232 

14,648 

3,130 

660 

40,385 

160,002 

178,970 

775 


1See  table  6  for  complete  titles, 
development  impact  would  reflect  a  58  percent  in- 
crease over  the  same  period.  Once  again,  wholesale 
and  retail  trade  increases  are  high  (13  percent  of 
total)  in  year  2000,  spurred  by  consumer  spending. 
Government  growth,  in  response  to  increased  eco- 
nomic activity,  takes  second  place  to  the  wood  prod- 
ucts sector  gross  output  (23  percent  of  total). 

Total  earnings 

The  trend  in  total  earnings  from  wages  and  sal- 
aries paid  (table  10)  follows  that  of  gross  output. 
With  development,  total  earnings  increase  32  per- 
cent from  1977  to  year  2000,  compared  with  a  28 
percent  increase  in  the  baseline  projection  over  the 
same  period.  Once  again,  the  wood  products  sector 
shows  the  largest  increase,  followed  by  the  govern- 
mental sector  and  the  wholesale-retail  trades.  Con- 
struction earnings  fall  off  by  nearly  50  percent  after 
the  development  of  new  industrial  facilities  is  com- 
pleted in  1990.  The  construction  of  residential  hous- 
ing, service  facilities,  etc.,  constitutes  earnings 
thereafter. 


Capital  stock 

The  totals  of  all  annual  investments,  both  for  out- 
put increases  and  pollution  abatement  (less  depre- 
ciation), are  shown  in  table  11.  Industries  that  are 
less  labor-intensive  show  higher  values  of  capital 
stock,  representing  heavy  investment  in  machinery 
and  pollution  abatement  equipment.  This  can  be  seen 
in  the  development  run,  year  2000,  where  the  elec- 
trical sector  has  the  greatest  increase,  due  to  ex- 
tremely costly  air  pollution  control  equipment  for 
the  new  electrical  plant.  The  baseline  projection  in- 
dicates a  54  percent  increase  in  total  capital  stock 
over  the  period,  valued  at  $3,695,819,500  in  the  year 
2000.  This  is  in  contrast  to  a  57  percent  increase, 
totaling  $3,763,305,200  at  the  end  of  the  projection, 
for  the  industry  expansion  projection.  It  should  be 
noted  that  the  government  (public)  sector  (53)  is  not 
viewed  as  one  that  accumulates  capital  stock  in  the 
same  sense  that  the  private  industrial  sectors  do. 
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Table  10. — Estimated  and  projected  total  earnings  from  wages  and  salaries  of  employed  work  force, 
northeastern  Minnesota  and  Douglas  County,  Wisconsin,  1977-2000 

(In  thousands  of  1970  dollars) 


1977 

1985 

1992 

2000 

Development 

Development 

Development 

Number 

Industry  title1 

Baseline 

Baseline 

impact 

Baseline 

impact 

Baseline 

impact 

1 

Livestock 

15,483 

11,653 

— 

12,122 

108 

10,551 

127 

2 

Other  agric. 
Agric,  for.,  fish. 

10,248 

9,742 

— 

9,086 

152 

7,911 

152 

4 

serv. 

6,144 

7,597 

— 

8,731 

600 

10,326 

599 

12 

Construction 
Food,  kindred 

55,028 

68,626 

1,354 

66,798 

713 

73,363 

784 

13 

products 
Logging, 

22,227 

23,849 

— 

25,507 

128 

28,321 

250 

15 

sawmills 
Other  lumb., 

6,766 

8,064 

308 

9,626 

926 

11,897 

918 

16 

wood  prod. 
Paper,  allied 

4,430 

5,621 

1,798 

6,997 

7,304 

9,058 

7,885 

17 

prod. 

41,811 

51,281 

75 

60,414 

266 

74,514 

330 

21 

Petroleum  refin. 
Machinery,  exc. 

5,843 

5,967 

48 

5,670 

132 

5,451 

167 

29 

elect. 
Transport, 

4,535 

5,721 

126 

6,499 

254 

8,454 

184 

32 

except: 

18,112 

19,068 

70 

17,969 

193 

17,570 

181 

33 

Rail  transport 

28,599 

34,883 

281 

41,809 

894 

51,595 

1,069 

35 

Truck  transport 

7,792 

9,511 

451 

11,618 

1,855 

14,784 

2,157 

37 

Communication 

14,350 

16,291 

128 

17,499 

493 

19,408 

767 

38 

Electric 

11,143 

10,465 

711 

10,012 

689 

10,115 

637 

41 

Wholesale  trade 

52,127 

56,212 

586 

56,720 

1,776 

60,664 

2,140 

42 

Retail  trade 
Medical,  educ. 

122,732 

132,427 

764 

132,454 

3,498 

139,392 

6,035 

49 

org. 

91,170 

93,854 

150 

84,857 

677 

76,231 

1,267 

50 

Fed.  enterprises 

Other 

government 

8,373 

9,533 

135 

9,716 

275 

10,169 

381 

53 

164,643 

168,785 

1,046 

166,999 

4,215 

166,542 

7,687 

Column  total 

691,558 

749,152 

8,033 

761,105 

25,151 

806,316 

33,718 

Total  (all  J 
Grand  tot 

>3  sectors) 

943,668 

1,038,015 

9,331 

1,093,128 

27,510 

1,203,574 

37,331 

al 

943,668 

1,047,345 

1,120,639 

1,240,905 

1See  table  6  for  complete  titles. 


SUMMARY 

Minnesota's  Survey  Unit  1  (fig.  2)  was  chosen  as 
the  study  area  for  determining  the  potential  for  in- 
creased forest  management  activities.  A  10-year  pro- 
jection of  state-owned  lands  in  aspen  cover  type  was 
made.  Management  options  with  and  without  timber 
harvesting  were  used  to:  (1)  compare  the  effects  of 
no  timber  harvesting  versus  appropriate  harvesting 
treatments  on  age  class  distributions;  and  (2)  obtain 
an  idea  of  the  timber  volumes  that  could  be  har- 
vested above  current  levels. 

The  no-harvest  run  showed  a  perpetuation  of  un- 
alanced  age  class  distributions,  making  the  situa- 
tion even  worse  in  terms  of  overmature  timber.  Stand 


volume  decreases  in  some  age  classes  were  attrib- 
uted to  natural  losses  from  such  things  as  insect  and 
disease  infestation.  The  management  run  called  for 
heavy  removals,  especially  in  the  older  age  classes, 
in  an  attempt  to  balance  the  distribution  of  age  classes. 
Simulated  harvest  was  approximately  229,000  cords/ 
year,  roughly  165,000  cords/year  above  current  lev- 
els in  this  ownership-cover  type  category.  With  the 
inclusion  of  other  underutilized  hardwood  cover  types, 
such  as  birch  and  balsam  poplar,  the  potential  har- 
vest opportunity  is  high. 

Sustainability  of  such  an  increased  harvest  was 
investigated,  expanded  to  state,  county,  and  forest 
industry  ownerships  (aspen  cover  type).  The  simu- 
lation showed  that  not  only  could  highly  unbalanced 
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Table  11. — Estimated  and  projected  totals  in  capital  stock,  northeastern  Minnesota  and  Douglas  County, 

Wisconsin,  1977-2000 

(In  thousands  of  1970  dollars) 


1977 

1985 

1992 

2000 

Development 

Development 

Development 

Number 

Industry  title1 

Baseline 

Baseline 

impact 

Baseline 

impact 

Baseline 

impact 

1 

Livestock 

42,243.8 

42,243.8 

— 

57,289.3 

450.3 

62,110.0 

749.7 

2 

Other  agric. 
Agric,  for., 

21,098.0 

22,251.2 

— 

26,481.5 

439.7 

29,008.6 

556.4 

4 

fish.serv. 

17,677.8 

21,510.4 

557.8 

24,377.5 

1,674.5 

28,372.5 

1,646.1 

12 

Construction 
Food,  kindred 

145,036.8 

145,036.8 

— 

145,036.8 

1,528.9 

159,634.0 

1,685.9 

13 

products 
Logging, 

68,154.9 

77,656.1 

— 

85,604.8 

435.3 

96,197.3 

850.5 

15 

sawmills 
Other  lumb., 

29,485.4 

36,735.6 

1,403.1 

42,580.1 

4,095.7 

50,564.4 

3,901.9 

16 

wood  prod. 
Paper,  allied 

7,296.6 

8,833.8 

2,826.2 

10,094.9 

10,537.1 

11,868.8 

10,331.9 

17 

prod. 

169,914.6 

221,674.0 

325.9 

269,968.6 

1,190.2 

339,483.2 

1,505.2 

21 

Petroleum  refin. 
Machinery,  exc. 

11,276.0 

12,414.9 

100.6 

13,370.5 

310.4 

14,777.4 

452.6 

29 

elect. 
Transport, 

9,247.4 

9,247.4 

— 

9,971.6 

391.0 

13,126.6 

286.4 

32 

except: 

171,111.6 

202,799.4 

744.9 

233,166.5 

2,510.1 

274,960.3 

2,841.3 

33 

Rail  transport 

102,038.0 

118,963.0 

958.8 

131,155.9 

2,806.1 

147,497.6 

3,056.1 

35 

Truck  transport 

4,181.1 

4,749.4 

225.0 

5,250.2 

838.0 

5,968.2 

870.9 

37 

Communication 

67,269.0 

73,845.2 

579.3 

77,733.5 

2,187.9 

83,895.7 

3,313.9 

38 

Electric 

133,676.0 

149,533.2 

10,166.2 

171,201.0 

11,788.3 

202,842.2 

12,770.4 

41 

Wholesale  trade 

135,570.5 

157,180.0 

1,639.1 

173,352.7 

5,426.9 

197,628.7 

6,971.5 

42 

Retail  trade 
Medical,  educ. 

149,653.1 

169,128.0 

975.7 

178,682.2 

4,718.2 

194,436.0 

8,418.2 

49 

org. 

75,658.4 

80,459.1 

— 

80,459.1 

— 

80,459.1 

— 

50 

Fed.  enterprises 

Other 

government 

5,745.5 

6,217.2 

88.0 

6,567.1 

185.6 

7,094.5 

265.8 

53 

— 

— 

— 

— 

— 

— 

— 

Column  total 

1,366,334.5 

1,560,478.5 

20,590.6 

1,742,343.8 

51,514.2 

1,999,925.1 

60,474.7 

Total  all 
Grand  to 

53  sectors) 

2,401,176.4 

2,712,023.4 

22,261.5 

3,115,099.8 

56,118.2 

3,695,819.5 

67,485.7 

tal 

2,401,176.4 

2,734,284.9 

3,171,218.0 

3,763,305.2 

'See  table  6  tor  complete  titles. 

age-class  distributions  be  brought  into  full  regula- 
tion after  nearly  one  rotation,  but  allowable  cut  could 
be  substantially  increased  over  time.  This  would  level 
off  to  greater  than  550,000  cords/year  on  aspen  cover 
type  alone.  Considering  the  other  hardwood  types 
(but  still  ignoring  nonindustrial  private  owner- 
ships), the  magnitude  of  the  potential  resource  be- 
comes evident. 

A  composite  scenario  of  industrial  development 
was  devised  to  utilize  the  large  potential  increase  in 
hardwood  harvests  available  from  state,  county,  and 
forest  industry  lands.  Development  of  four  wafer- 
board  plants  and  a  wood-fired  electrical  generation 
plant  between  1980  and  1990  was  assumed  in  the 
hypothetical  expansion.  This  was  the  linking  ele- 
ment between  the  output  of  the  biological  model, 
FREP,  and  the  socioeconomic  model,  REIFS.  Input 


requirements  were  determined  for  all  facilities  in 
terms  of  wood  and  construction  costs.  Their  associ- 
ated final  output,  valued  approximately  as  they  would 
be  sold  in  the  region,  were  calculated.  Direct  effects 
on  other  sectors  of  the  economy  as  a  result  (e.g.,  truck 
transport  to  haul  final  waferboard  product),  were 
also  determined. 

The  waferboard  plants  and  25  MW  wood-burning 
electrical  plant  caused  noticeable  impacts  to  the  study 
area  economy.  Expansion  in  the  construction,  wood 
products,  logging,  electrical,  and  truck  transport  sec- 
tors were  shown  to  influence  numerous  variables, 
some  more  than  others.  Tables  7-11  highlight  the 
more  noticeable  impacts  on  total  population,  em- 
ployment, gross  output,  earnings,  and  capital  stock. 
A  predicted  decline  of  58,383  in  regional  population 
from  1977  to  year  2000  was  lessened  to  a  decline  of 
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49,883.  Moreover,  significant  increases,  or  perhaps 
offset  of  decreases,  in  preschool  and  school  age  chil- 
dren occurred  by  the  end  of  the  projection  period. 
The  importance  of  such  figures  could  weigh  heavily 
in  educational  planning,  especially  if  school  closures 
and/or  reductions  in  educational  staffs  loom  ahead. 

As  a  result  of  industrial  expansion,  employment 
expanded  substantially  by  the  year  1992.  Over  1,000 
jobs  were  created  in  the  timber-based  sectors  alone. 
By  the  year  2000,  the  wholesale-retail  trade  sectors 
indicated  an  increase  of  1,381  jobs  to  offset  the  pre- 
dicted decrease  in  employment  for  that  sector.  But 
the  more  striking  trend  was  in  a  sector  that  showed 
a  predicted  employment  increase  even  in  the  absence 
of  development.  Over  the  period  1977  to  2000,  em- 
ployment in  the  government  services  sector  in- 
creased nearly  4.7  percent  in  response  to  develop- 
ment. In  relative  terms,  the  wood  products  sector 
increased  most  significantly;  but  retail  trade  had  a 
larger  absolute  increase  in  jobs  in  this  scenario. 

Without  development,  gross  output,  based  on  his- 
torical worker  productivity,  was  predicted  to  in- 
crease from  1977  to  the  year  2000  by  better  than  53 
percent.  With  development,  this  increase  was  boosted 
to  nearly  58  percent.  The  government  sector  showed 
the  second  largest  increase  in  gross  output.  Invest- 
ments in  capital  stock  showed  greater  increases  with 
development  than  without.  The  electrical  service 
sector  showed  the  greatest  investment  increase,  val- 
ued at  $12.77  million  (in  1970  dollars)  for  the  year 
2000.  The  wood  products  sector  was  close  behind  at 
$10.3  million.  Pollution  abatement  equipment 
weighed  heavily  in  these  increases,  especially  in  the 
electrical  service  case. 
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APPENDIX 

Determination  of  Waferboard 
Price,  Wholesale,  FOB  at  Mill 

This  was  accomplished  by  starting  with  the  retail 
price  of  the  product  and  working  backwards  to  strip 
off  the  cost  of  doing  business  margins  for  retail, 
wholesale,  and  transportation.  Published  by  Dun  and 
Bradstreet,  Inc.  for  185  lines  of  business,4  these  ra- 
tios represent  a  percentage  of  business  receipts  as 
reported  by  a  representative  sample  of  the  total  of 
all  Federal  income  tax  returns  for  1969-1970.  Total 
business  receipts  for  each  sector  (i.e.,  retail,  whole- 
sale) equal  the  cost  of  goods  sold  plus  the  gross  mar- 
gin. It  is  this  gross  margin  that  is  stripped  off  for 
each  sector. 

Retail  price  8'  x  4'  (%")  or  1  ft3  =  $7.39  (19795) 


less  retail  gross  margin 

for  building  materials, 

hardware,  farm 

equipment  (24.35 

percent) 

less  wholesale  gross 

margin  for  lumber  and 

construction  materials 

(16.39  percent) 

less  transportation  cost 

(see  next  section) 


-    1.80 
$5.59/ft3 


-      .92 

$4.67/ft3 


-      .25 


Wholesale,  FOB,  at  mill 
Deflated  by  Consumer 
Price  Index  to  1970 


$4.42/ft3  (1979  $'s) 
$2.34/ft3 


Determination  of 

Transportation  Costs  for 

Waferboard 

The  quoted  price  currently  charged  by  the  State 
of  Minnesota,  Department  of  Transportation,  from 
Grand  Rapids  to  St.  Paul-Minneapolis  is  63<Z  per  100 
weight  (40,000  lb  minimum).  Transport  cost  per  ft3 
follows  from: 


4Dun  &  Bradstreet,  Inc.  1973.  Cost  of  doing  bus- 
iness: corporations.  Key  business  ratios  for  1969-1970. 
New  York,  New  York. 

5Knox  Lumber  Co.,  St.  Paul,  Minnesota,  as  of  No- 
vember 1979. 
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$0-63      x     40  lb       (approximate 
100  lb  ft3    waferboard  density) 

=  $0.25/ft3. 

Because  this  value  is  based  on  the  Grand  Rapids- 
Twin  Cities  highway  distance,  it  was  changed  to  a 
per-mile  rate  and  expanded  to  estimate  the  rate  to 
Virginia,  Minnesota.  This  hypothetical  regional  cen- 
ter resulted  in  a  70cV100  weight  rate,  or  28<2  per  ft3 
in  1979  terms.  During  the  first  year  of  a  waferboard 
plant's  operation,  the  transportation  sector  would 
haul  one-half  the  amount  it  would  the  following  year: 


Full  production  150  mm 

ft2  (3/8")  =  4,687,500  ft3, 

4,687,500  ft3  x  $0.28/ft3         =  $1,312,500  (1979), 
$1,312,500  deflated  by  CPI  =  $695,733  (1970)  in 

full  production  for 
transportation 
sector, 
First  year  of  waferboard       -  $348,000  (1970)  for 
plant  operation  transportation  sector. 

Determination  of  Cord-input 
Requirements  (volume) 

Based  on  the  1,235  kg  dry  wood  input  per  1  ton 
output  conversion  factor  for  flakeboard  (Vajda  1975), 
the  cord-aspen  per  mm  ft2  (3/8-inch  thick  basis) 
equivalent  was  determined  as  follows: 

Assuming  83  ft3/cord  for  aspen, 
tnen  83  ft3  26.6  lbs 


cord 


ft3 


(12  percent  m.c.) 


_  2,208  lbs  /1,001  kg\  , 

cord      \     cord     / 

and  1,235  kg  "dry"  wood  input  translates  into 

1  235  kg 

-i'^i  i     / I  -  1-2338  cords  input  for 

1,001  kg/cord 

1  ton  output. 

Assuming  density  of  waferboard  is  approximately 

40  lbs 

-£T~.  then  input  of  1.2338  cords  for  2,000  lbs  out- 
put (1  ton)  yields 

ft3 
2,000  lbs    x    -—7-  -  50  ft3  output. 
40  lbs 


Now,  1.2338  cords  input  yields  50  ft3  output, 

50  ft3 
°r  0.03125  ft  (%  in.) 

=  1,600  ft2  on  %-inch  thick  basis. 

Then  1.2338  cords  yields  1,600  ft2  (%  in.)  or  7.71125 
x  10B4  cords/ft2  (3/s-inch  thick),  equalling  approxi- 
mately 771  cords  input/mm  ft2  (%  in.). 

Adjustments  of 

Transportation  and  Logging 

Sector  Inputs 

As  referred  to  earlier,  the  table  of  technical  coef- 
ficients (i.e.,  input-output  ratios)  in  SIMLAB  were 
not  fine-tuned  adequately  for  the  new  industries  pro- 
posed in  the  scenario.  Consequently,  adjustments  were 
made  to  the  values  of  final  demand  that  were  inputs 
in  the  SIMLAB  development  case  projection  (table 
4  in  text).  The  following  example  shows  how  this 
was  done. 

For  the  year  1985,  the  wood  products  sector  final 
demand  (output)  was  $10,969,000.  This  represented 
one  150  MM  ft2  (3/8-inch  thick)  waferboard  plant  at 
full  production  (150  MM  ft2  x  $73.125/M  ft2).  The 
corresponding  transportation  output  was,  as  shown 
earlier,  $696,000  (rounded).  The  technical  coefficient 
to  be  checked  in  the  input-output  table  reflected  a 
value  of  0.002866.  That  is,  to  produce  $1  of  output 
in  wood  products,  $0.002866  was  purchased  from  sec- 
tor No.  35,  motor  freight.  But  the  1985  final  demands 
indicated: 

$      696,000  (transport  output)     =       0fio4=2 

$10,969,000  (wood  prod,  output)  " 
The  scenario  shows  that  slightly  more  than  $0.06  is 
purchased  in  motor  ireight  for  every  $1  of  wafer- 
board  sold.  The  model,  then,  is  not  accounting  for 
$0.060586  ($0.063452-$0.002866)  in  transportation 
per  $1  of  wood  product.  Hence,  the  transportation 
final  demand  is  increased  to  pick  up  only  that  portion 
that  the  model  will  not  account  for: 

$0.060586 

adjusted  transportation  final  demand 
$10,969,000 

Adjusted  transportation  final  demand  -  $664,568. 
The  value  of  $664,568  for  year  1985,  in  the  trans- 
portation sector,  is  what  is  shown  in  table  4  and  is 
used  to  modify  the  SIMLAB  development  case  pro- 
jection. This  was  done,  similarly,  for  the  logging  sec- 
tor and  both  were  modified  each  year  as  necessary. 
In  year  1991,  the  model  adequately  accounted  for 
final  demand  in  the  logging  sector,  hence  no  final 
demand  (output)  was  added. 
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PREFACE 

The  full  story  of  a  major  wildfire  contains  many  chapters,  such  as 
organization,  suppression,  and  logistics.  This  report  on  fire  behavior  is 
only  one  chapter  in  the  story.  In  limiting  our  observations  to  fire  related 
phenomena,  our  conclusions  must  also  be  limited  to  fire's  contribution  to 
the  outcome  of  events.  Thus,  the  report  does  not  address  management 
concerns  involving  actions  taken  or  not  taken.  These  have  been  ade- 
quately discussed  in  a  previous  report  (USDA  Forest  Service  1980)  and 
will  not  be  repeated  here. 

The  reader  may  note  differences  between  information  presented  herein 
and  that  previously  published.  Earlier  information  was  based  on  prelim- 
inary analyses  of  incomplete  data.  This  report  reflects  a  comprehensive 
analysis  of  all  available  data  as  well  as  a  thorough  review.  Thus,  where 
differences  exist,  this  report  should  be  considered  correct. 
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THE  MACK  LAKE  FIRE 


Albert  J.  Simard,  Project  Leader, 

Donald  A.  Haines,  Principal  Meteorologist, 

Richard  W.  Blank,  Forestry  Technician, 

and  John  S.  Frost,  Meteorological  Technician, 

East  Lansing,  Michigan 


On  May  5,  1980,  at  1030  EDT,1  a  prescribed  fire 
was  ignited  in  jack  pine  slash  near  Mio,  Michigan 
(fig.  1).  The  purpose  of  the  burn  was  to  remove  log- 
ging debris  up  to  1  inch  in  diameter  in  preparation 
for  replanting  jack  pine.  The  ultimate  objective  was 
to  create  habitat  favored  by  the  endangered  Kirt- 
land's  warbler.  At  1206,  the  fire  spotted  into  standing 
jack  pine  timber  adjacent  to  the  prescribed  burn  area. 
At  1215,  the  fire  spotted  across  Michigan  Highway 
33  and  became  a  wildfire.  In  the  first  3-V2  hours, 
during  which  the  fire  advanced  7-Vfe  miles,  no  amount 
of  fire  line  or  road  width  held  or  slowed  the  fire.  After 
the  fire  had  advanced  4  miles,  the  passage  of  a  dry 
cold  front  turned  the  southeast  flank  into  a  head  fire. 
In  the  first  6  hours,  the  fire  took  one  life,  destroyed 
44  homes  and  buildings,  and  burned  20,000  acres  of 
forest  land.  Aided  by  a  change  in  fuels  and  amelio- 
rating burning  conditions,  suppression  crews  con- 
tained the  fire  by  constructing  35  miles  of  fire  line 
just  30  hours  after  it  started,  at  a  final  size  of  24,000 
acres.  In  consuming  270,000  tons  of  fuel,  the  fire 
released  3  trillion  Btu's  of  energy — as  much  as  90 
thunderstorms,  or  nine  times  the  energy  released  by 
the  Hiroshima  atomic  bomb. 

Although  the  Mack  Lake  Fire  is  the  largest  fire 
recorded  on  the  Huron  National  Forest  since  record 
keeping  began  in  1911,  it  is  not  comparable  to  the 
historically  "great"  firest  in  the  Lake  States.  Be- 
tween 1871  and  1918,  fires  in  Michigan,  Wisconsin, 
and  Minnesota  burned  1  million  or  more  acres  in 
each  of  six  different  years  and  resulted  in  2,500  deaths 
(Plummer  1912,  Guthrie  1936).  Simard  and  Blank 
(1982)  found  that  within  the  area  burned  by  the  Mack 
Lake  Fire,  there  have  probably  been  five  other  fires 
in  excess  of  10,000  acres  since  1820  (one  every  28 


years  including  Mack  Lake).  In  1946,  six  fires  burned 
14,300  acres  in  1  day  under  similar  weather  condi- 
tions. Given  that  fires  will  continue  to  occur,  and 
that  critical  weater  conditions  will  occasionally  pre- 
vail, there  is  every  reason  to  expect  that  some  future 
jack  pine  fires  will  escape  initial  attack.  Thus,  a  case 
study  documentation  of  the  Mack  Lake  Fire  is  im- 
portant not  only  as  a  historical  account  of  events  but 
also  as  a  valuable  guide  for  future  fire  suppression 
planning. 

Trying  to  understand  the  behavior  of  all  large  fires 
with  individual  case  studies  is  like  trying  to  under- 
stand a  movie  by  examining  individual  frames  cho- 
sen at  random.  Each  fire  is  only  a  single  observation 
of  a  complex  process,  and  many  observations  are 
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lAll  times  in  this  paper  are  Eastern  Daylight  Sav- 
ings time,  unless  otherwise  noted. 


Figure  1. — Location  of  the  Mack  Lake  Fire.  Cross- 
hatched  area  (insert)  was  burned  by  the  fire. 


needed  before  patterns  begin  to  emerge.  Despite  the 
complexity,  however,  careful  examination  of  even  a 
single  fire  can  yield  insights  into  the  underlying 
physical  processes  that  control  large  fire  behavior. 

METHODS 

The  authors  were  assigned  to  the  Mack  Lake  Fire 
as  a  fire  behavior  analysis  team.  Because  all  signif- 
icant fire  activity  had  stopped  20  hours  before  we 
arrived  at  the  fire  site  (1400  on  May  6),  the  inves- 
tigation was  limited  to  reconstructing  past  events. 
Some  important  observations  could  not  be  obtained 
(e.g.,  a  light  rain  precluded  meaningful  fuel  moisture 
measurement). 

Between  May  6  and  9,  we  observed  the  burned 
area  by  aircraft  and  vehicle.  The  prescribed  fire,  es- 
cape, and  fatality  areas  were  observed  in  detail.  Gen- 
eral fuel  conditions  were  assessed  and  fuel  weights 
sampled  to  estimate  consumption.  We  took  numerous 
still  photographs  and  examined  video  tapes  and  po- 
laroid photographs  of  the  fire  along  with  aerial  pho- 
tos of  the  burned  area.  We  interviewed  members  of 
the  burning  (and  initial  attack)  crew,  the  meteorol- 
ogist-in-charge  of  the  nearby  Houghton  Lake  Na- 
tional Weather  Service  office,  and  senior  fire  man- 
agement specialists  having  extensive  experience  with 
jack  pine  crown  fires.  We  examined  relevant  docu- 
ments: witness  statements  (obtained  by  ourselves 
and  the  accident  investigation  team),  local  weather 
records,  the  Mio  Ranger  District  log,  the  prescribed 
burning  plan,  and  documentation  of  the  fire  itself. 

Although  efforts  were  made  to  verify  all  indirect 
information,  portions  of  this  report  are  based  on 
hearsay  evidence.  Further,  at  the  time  the  fire  made 
its  major  run,  personnel  were  concerned  with  fire 
control  and  not  documenting  observations.  Addi- 
tionally, the  major  run  occurred  while  the  control 
organization  was  reorganizing  from  initial  attack  to 
project  fire  status  (USDA  Forest  Service  1980). 
Therefore,  few  experienced  persons  observed  the  fire. 
Despite  these  limitations,  the  authors  feel  that  the 
following  description  is  a  reasonably  accurate  chron- 
icle of  the  events  that  occurred  and  conditions  that 
preceded  the  Mack  Lake  Fire. 

During  the  months  that  followed  the  fire,  we  an- 
alyzed additional  data.  Growth  rings  from  14  large 
red  pine  trees  killed  by  the  fire  were  counted  to  de- 
termine the  area's  fire  history  (Simard  and  Blank 
1982).  Antecedent  meteorological  conditions  were 
summarized  from  district  fire  weather  records  and 
climatological  data  obtained  from  the  Michigan  State 
Climatologist.  We  obtained  additional  fuel  loading 


measurements  from  burned  and  adjacent  unbui 
areas.  Seed  fall  and  seedling  counts  were  take 
estimate  regeneration  success.  A  rain  gauge  netv 
was  installed  to  monitor  postburn  precipitation 
nally,  we  examined  unburned  tree  crown  strip 
detail  to  determine  possible  underlying  causes. 

THE  ENVIRONMENT 


Weather 


Fire  Climate 


As  a  result  of  the  Great  Lakes'  influence,  Lc 
Michigan  has  a  semimarine  climate.  The  lake  ii 
ence  is  lessened  at  Mio,  which  is  sheltered  from  I 
Michigan  by  a  higher  plateau  to  the  west.  Mio 
a  1°F  higher  average  maximum  temperature,  a 
cooler  average  minimum  temperature,  and  an 
erage  of  6  inches  less  annual  precipitation  than 
tions  30  to  40  miles  to  the  northwest.  The  hig 
temperature  in  Michigan  (112°F)  was  recorde 
Mio  on  July  13,  1936  (Michigan  Weather  Ser 
1974). 

Although  the  average  26.5  inches  of  precipita 
is  well  distributed  throughout  the  year,  twice  as  n 
falls  in  the  summer  (3  inches  per  month)  as  in 
winter  (1.4  inches  per  month),  with  spring  and 
in  between  (2.25  inches  per  month).  Average  mon 
relative  humidity  at  1300  is  lowest  in  May  (50 
cent)  and  average  monthly  windspeed  peaks  at 
mi/h  in  April.  Evaporation  during  the  growing 
son  exceeds  precipitation  by  45  percent.  Altho 
periodic  mild  droughts  occur,  extreme  severity  or 
Palmer  scale  is  experienced  only  3  percent  of  the  t 
(Michigan  Weather  Service  1974). 

The  most  severe  fire  weather  in  Michigan 
mally  occurs  when  the  Lake  States  are  on  the  no 
west  or  back  edge  of  a  Hudson  Bay,  northwest 
nadian,  or  Pacific  high  pressure  area  (Schroeder 
Buck  1970).  Generally,  air  masses  and  associ; 
frontal  systems  move  through  the  region  in  a  so 
easterly  direction  every  3  to  5  days.  When  a  1 
pressure  system  persists  longer  than  normal,  \ 
ever,  fuels  have  more  time  to  dry  out.  The  appn 
of  a  cold  front  aggravates  the  situation  by  increa 
the  flow  of  dry,  warm  air  from  the  southwest.  < 
sequently,  peak  fire  danger  is  expected  when  the  I 
States  have  been  under  extended  high  pressur* 
fluence  just  before  the  passage  of  a  cold  fronl 
happened,  for  example,  prior  to  the  Peshtigo 
Great  Chicago  fires  of  1871  (Haines  and  Kueh 
1970).  Precipitation  associated  with  frontal  pas 
normally  ends  the  period  of  high  fire  danger. 


Total  precipitation  for  1979  recorded  at  Mio  was 
7.6  inches — 1.2  inches  (4  percent)  above  normal, 
recipitation  was  well  distributed  throughout  the 
ear,  with  only  2  months  (February  and  September) 
?ceiving  less  than  1.5  inches.  Total  precipitation 
om  January  through  April  was  5.4  inches — 1  inch 
6  percent)  below  normal.  The  Palmer  Drought  In- 
ex  at  the  time  of  the  fire  was  —1.17,  indicating  a 
ight,  but  insignificant,  soil  moisture  deficit.  We  may, 
lerefore,  conclude  that  drought  was  not  an  impor- 
int  factor  in  the  Mack  Lake  Fire. 

Winter  snowfall  was  45.5  inches — 15.9  inches  (26 
^rcent)  below  normal.  The  shortfall  was  not  uni- 
rmly  distributed  throughout  the  winter.  Between 
jctober  and  February,  the  snowfall  was  only  49  per- 
nt  of  normal.  Because  (1)  the  maximum  snow  depth 
jas  only  11  inches,  (2)  there  were  only  14  days  with 
or  more  inches  of  snow  on  the  ground,  and  (3)  the 
aximum  single  snowfall  was  only  4  inches,  there 
as  minimal  fuel  bed  compaction.  Field  personnel 
sported  that  dead  grasses  and  herbaceous  material 
ere  standing  at  the  time  of  the  fire  rather  than 
ing  flat,  as  is  usually  the  case. 

|  Daily  1300  weather  observations  and  fire-danger 
>tings  for  April  and  the  first  few  days  of  May  at 
io  are  listed  in  table  1.  Based  on  the  National  Fire- 
anger  Rating  System  (NFDRS)  Burning  Index  (BI) 
)eeming  et  al.  1977),  fire  danger  during  the  season 
as  either  high  to  extreme  (19  days,  53  percent)  or 
w  (15  days,  42  percent),  with  little  in  between  (2 
>ys,  5  percent)  (fig.  2).  On  six  occasions,  the  index 
mped  from  low  to  high  (or  vice  versa)  in  a  single 
ly.  The  BI  indicates  three  fire  danger  peaks  in  the 
Sry  high  range  and  one  in  extreme,  with  the  May 
peak  the  third  highest  during  the  season. 

ynoptic  Pattern 

The  Hudson  Bay  high  pressure  area  that  was  to 
fluence  Michigan  on  May  5  first  formed  over  south- 
n  Alberta  on  April  22.  On  April  29,  a  cold  front  on 
le  southeast  edge  of  the  high  pressure  area  passed 
'er  Michigan,  dropping  V2  inch  of  rain  at  Mio. 

By  May  1,  Michigan  was  under  the  influence  of 
»e  high,  which  was  centered  over  northern  Min- 
i?sota.  The  cold  front  that  was  to  pass  over  the  Mack 
lake  Fire  appeared  off  the  British  Columbia  coast. 
sy  May  2,  the  high  over  Minnesota  joined  with  a 
ttcond  high  to  the  west,  placing  most  of  central  North 
merica  under  its  influence.  Dry  air  dropped  the 
$00  relative  humidity  at  Mio  to  28  percent  and 
increased  the  temperature  to  75°F  The  cold  front 
^tended  from  a  low  pressure  area  centered  over 


Table  1. — 1300  fire  weather  observations  and  Na- 
tional Fire-Danger  Rating  System  (NFDRS) 
Burning  Index  values  for  Mio,  Michigan,  for  April 
and  May  1980 


NFDRS 

Relative 

Burning 

Date 

Temp. 

humidity 

Precip. 

Windspeed 

Index 

Model 

°F 

Perceni 

inches 

mi/h 

Q 

April    1 

57 

43 

7 

62 

2 

58 

21 

10 

70 

3 

43 

33 

16 

54 

4 

52 

82 

0.43 

13 

0 

5 

55 

58 

15 

44 

6 

51 

71 

10 

47 

7 

55 

60 

.01 

4 

37 

8 

53 

88 

.33 

4 

0 

9 

48 

80 

.52 

6 

0 

10 

38 

83 

.31 

7 

0 

11 

42 

62 

.02 

4 

10 

12 

37 

91 

.31 

4 

0 

13 

37 

66 

7 

31 

14 

34 

81 

9 

0 

15 

38 

91 

.53 

6 

0 

16 

37 

33 

.03 

10 

52 

17 

48 

73 

8 

40 

18 

63 

30 

8 

58 

19 

69 

33 

15 

80 

20 

65 

21 

.19 

5 

46 

21 

69 

19 

4 

49 

22 

78 

34 

5 

54 

23 

49 

32 

15 

90 

24 

40 

68 

.03 

17 

73 

25 

57 

37 

7 

58 

26 

48 

86 

.01 

7 

0 

27 

49 

87 

.01 

9 

0 

28 

47 

93 

10 

0 

29 

50 

93 

.51 

4 

0 

30 

56 

82 

0 

0 

May    1 

65 

57 

2 

10 

2 

75 

28 

2 

32 

3 

78 

22 

7 

53 

4 

80 

19 

10 

63 

5 

80 

24 

18 

79 

6 

57 

52 

.03 

2 

2 

northern  Alberta  southward  to  Los  Angeles.  It  is 
significant  to  note  that  the  synoptic  pattern  over 
east-central  Alberta  on  May  2  was  the  same  pattern 
that  would  move  to  Michigan  on  May  5.  On  May  2, 
a  forest  fire  in  east-central  Alberta  burned  20,000 
acres  in  the  first  5  hours  after  ignition  (Alexander 
et  al.  1983). 

On  May  3,  the  center  of  the  continent  was  still 
under  the  influence  of  the  high.  The  low  moved  east- 
ward to  northern  Saskatchewan  and  the  cold  front 
trailed  southwestward  to  Nevada.  On  May  4,  a  flat 
upper-air  pattern  persisted  over  much  of  the  western 
and  north  central  United  States  (fig.  3),  allowing  the 


Figure  2. — National  Fire-Danger  Rating  System 
Burning  Index  (fuel  model  Q)  for  Mio,  Michigan, 
April  and  early  May  1980. 

Central  States  to  remain  under  the  influence  of  the 
weak  surface  high.  It  also  allowed  the  slow  eastward 
movement  of  the  cold  front,  now  over  the  Dakotas. 
The  1300  relative  humidity  over  Mio  dropped  to  its 
lowest  point  (19  percent),  temperature  rose  to  80°F 
(14°  above  the  average  high  for  May),  and  winds 
increased  to  10  mi/h. 

On  the  morning  of  the  fire,  the  500-millibar  chart 
indicated  a  high  pressure  ridge  lying  over  the  north- 
ern Rockies  (fig.  4).  A  closed  low  covered  eastern 
Canada  with  split  centers  over  Newfoundland  and 
Hudson  Bay.  This  produced  tightened  gradients  over 
the  northeastern  United  States  with  a  northwest  flow 
over  the  Great  Lakes  region.  The  upper  air  steering 
caused  the  surface  low  pressure  area  to  move  south- 
eastward to  southern  Ontario.  Ahead  of  the  weak 
cold  front,  relative  humidity  was  low  (24  percent) 
and  temperature  was  unseasonably  high  (80°F). 
Windspeed  at  Mio  increased  significantly  to  15  mi/ 
h,  gusting  to  25-plus  as  the  front  approached.  It  was 
during  this  time  that  the  Mack  Lake  Fire  made  its 
major  run.  Although  the  temperature  decreased  and 
the  humidity  increased  as  the  front  passed,  there  was 
no  precipitation.  Thus,  as  the  wind  direction  shifted, 
the  fire  continued  to  burn  vigorously  and  what  had 
been  the  southeastern  flank  became  a  wide  front. 

By  May  6,  the  500-millibar  chart  showed  that  the 
Hudson  Bay  low-pressure  center  was  north  of  Lake 
Superior  (fig.  5).  A  shallow  trough  originating  from 
it  lay  over  Lower  Michigan,  producing  cloudy  skies 
and  occasional  light  showers  (0.03  inches).  A  weak 
pressure  gradient  behind  the  cold  front  (now  over 
southern  Ohio)  resulted  in  light  afternoon  winds  (2 
mi/h)  which,  along  with  increased  humidity  (52  per- 
cent), moderated  burning  conditions,  allowing  the 
fire  to  be  easily  controlled. 


The  Day  of  the  Fire 

Hourly  relative  humidity  and  temperature  rea 
ings  were  obtained  from  a  hygrothermograph2  ] 
cated  at  Mio  (table  2).  Hourly  windspeed  and  wii 
direction  for  Houghton  Lake  (35  miles  away)  on  M, 
5  are  also  given  in  table  2.  By  1000,  the  temperatu 
had  reached  75°F  and  relative  humidity  had  dropp 
below  30  percent,  where  they  remained  for  the  ne 
5  hours.  The  maximum  temperature  (83°F)  was  17 
higher  than  the  average  maximum  for  May  at  M 
(Michigan  Weather  Service  1974).  Minimum  relati 
humidity  (21  percent)  was  well  below  the  May  a 
erage  (51  percent)  for  Houghton  Lake.  Climatolc 
ical  data  indicate  that  in  the  Lake  States,  relati 
humidity  is  lower  than  25  percent  on  fewer  than 
percent  of  all  days. 

Between  1000  and  1900,  the  front  moved  at  ; 
average  of  23  mi/h  (Falkowski  1981).  Until  14C 
winds  were  southwesterly,  varying  from  5  to  12  n 
h.  By  1400,  the  leading  edge  of  the  front  passed  (f 
6)  and  windspeed  increased  to  15  to  18  mi/h  wi 
gusts  of  25  to  30  mi/h.  Although  the  wind  directi 
shifted  40°  to  west-northwest,  there  was  no  appi 
ciable  change  in  either  temperature  or  humidity.  1 
1700,  the  wind  shifted  another  40°  to  north-nort 
west,  accompanied  by  a  slight  temperature  decreai 
and  humidity  increase.  The  peak  gust  for  the  d; 
(30  mi/h  from  the  northwest)  occurred  at  1728  EE 
After  the  front  passed,  the  temperature  and  wi 
gradually  decreased  and  humidity  increased,  t 
though  the  fire  continued  to  burn  during  the  nigl 
its  forward  rate  of  spread  gradually  decreased  to  i 
by  morning. 

Schroeder  and  Buck  (1970)  state  that  "Atmi 
pheric  stability  may  either  encourage  or  suppn 
vertical  air  motion."  The  strength  of  the  convecti 
activity  above  a  fire  will  affect  the  indraft  at  tt 
surface  and  consequent  fire  intensity.  The  indr; 
may  also  reduce  the  rate  of  spread  of  a  fire  with 
well-developed  convection  column.  Brotak  (19' 
measured  the  atmospheric  stability  associated  wi 
62  major  wildfires  in  the  eastern  United  States.  J 
employed  a  simple  indicator  of  stability  by  calcul; 
ing  the  temperature  difference  between  the  950-  a 
850-millibar  pressure  levels.  Most  of  the  fires  studi 
(92  percent)  occurred  when  the  lapse  rate  betwe 
these  levels  was  steeper  than  the  dry  adiabatic  laf 
rate  (5.5°F  per  1,000  feet).  He  concluded  that  a  te 
perature  difference  of  at  least  11°F  between  the  91 
and  850-millibar  levels  appears  to  be  associated  wi 
major  fires. 

2Hygrothermograph  readings  normally  dif 
slightly  from  psychrometer  readings  used  to  measi 
weather  inputs  to  the  NFDRS  (table  1). 


Figure  3. — Surface  weather  map  and  500 -millibar  chart  for  May  4, 1980  (from  U.S.  Department 
of  Commerce  1980). 


Figure  4.  — Surface  weather  map  and  500-millibar  chart  for  May  5, 1980  (from  U.S.  Department 
of  Commerce  1980). 
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Figure  5. — Surface  weather  map  and  500 -millibar  chart  for  May  6, 1980  (from  U.S.  Department 
of  Commerce  1980). 


Table  2. — Hourly  weather  data  for  Mio  and  Hough- 
ton Lake,1  Michigan,  May  5,  1980 


Element 

Time 

Relative2 

Wind 

Wind 

(EDT) 

humidity 

Temp.2 

Windspeed 

gusts 

direction 

Percent 

°F 

mi/h 



Degrees 

0800 

— 

57 

5 

3 

230 

0900 

80 

65 

8 



230 

1000 

28 

75 

7 



270 

1100 

23 

80 

12 



230 

1200 

21 

82 

8 



250 

1300 

22 

83 

10 



250 

1400 

22 

82 

15 

25 

290 

1500 

26 

81 

18 

28 

280 

1600 

37 

77 

15 

25 

290 

1700 

46 

71 

17 

30 

330 

1800 

55 

65 

17 

28 

330 

1900 

56 

60 

16 

24 

330 

2000 

50 

57 

13 

23 

320 

2100 

51 

53 

12 

23 

330 

2200 

54 

52 

10 

— 

330 

2300 

56 

50 

10 

— 

330 

2400 

60 

48 

8 

— 

330 

'Relative  humidity  and  temperature  data  are  trom  Mio  and  wind  data 
are  from  Houghton  Lake — a  first-order  National  Weather  Service  sta- 
tion located  35  miles  southwest  of  the  fire. 

2Hygrothermograph  readings  which  differ  slightly  from  standard 
1 300  psychrometer  data  (table  1 ) . 

3No  data  available. 

The  May  5  morning  and  evening  upper  air  tem- 
perature profiles  for  Flint,  Michigan3  are  similar  ex- 
cept for  a  strong  morning  surface  inversion.  There- 
fore, only  the  evening  observation  is  presented  (fig. 
7).  The  sounding  shows  a  conditionally  unstable  lapse 
rate  from  the  surface  upward,  except  for  a  shallow 
layer  (568  to  588  millibars)  that  approaches  isoth- 
ermal. The  air  temperature  difference  between  the 
950-  and  850-millibar  levels  exceeded  14°F— 3°F  above 
the  threshold  noted  by  Brotak  (1976).  Dewpoint  val- 
ues were  low,  indicating  relatively  small  amounts  of 
moisture  throughout  the  lower  atmosphere.  The  pro- 
file suggests  that  only  small  amounts  of  energy  were 
necessary  to  overcome  existing  static  stability.  Con- 
sequently, atmospheric  conditions  favored  convec- 
tive  activity,  given  the  initial  energy  produced  by 
the  fire. 

Brotak  (1976)  also  found  that  low-level  jet  streams 
were  associated  with  one  out  of  three  major  wildfires 
in  the  eastern  United  States.  The  primary  mecha- 
nism is  thought  to  be  downward  transport  of  mo- 
mentum by  turbulent  mixing  which  increases  sur- 
face windspeed  and  gustiness.  It  is  reasonable  to 

3The  closest  station  to  the  fire  (120  miles  away) 
that  reflects  air  mass  conditions  over  Mio  at  the  time 
the  fire  broke  out. 


Figure  6. — Location  of  the  leading  edge  of  the  cold 
front  during  the  afternoon  of  May  5,  1980. 

hypothesize  that  low-level  jets  aggravate  an  already 
bad  situation  resulting  from  the  close  proximity  of 
a  dry  cold  front. 

Upper  level  wind  information  was  available  from 
Sault  Ste.  Marie  and  Flint,  Michigan  and  Green  Bay, 
Wisconsin.  The  profiles  at  0800  on  May  5  show  a 
marked  increase  in  windspeed  from  the  surface  to 
2,000  feet  at  Green  Bay  and  Flint,  two  stations  ahead 
of  the  cold  front  (fig.  8).  They  also  show  maximum 
speeds  averaging  32  mi/h  at  2,000  to  3,000  feet,  a 
decrease  to  an  average  of  26  mi/h  at  4,000  feet,  and 
little  change  above  4,000  feet.  This  is  a  classic  low- 
level  jet  profile.  The  wind  profile  behind  the  front 
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Figure  7.  —  Upper  air  temperature  profiles  at  Flint, 
Michigan,  at  2000  EDT  on  May  5,  1980. 
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Figure  8.  —  Vertical  windspeed  profiles  at  Sault  Ste. 
Marie,  Michigan;  Green  Bay,  Wisconsin;  and  Flint, 
Michigan,  at  0800  EDT  on  May  5,  1980. 

(Sault  Ste.  Marie)  shows  generally  increasing  wind- 
speed  with  increasing  height.  This  is  characteristic 
of  a  well-mixed  atmosphere  which,  when  coupled  with 
surface  cooling  after  sunset,  reduces  turbulent  mix- 
ing and  resultant  surface  winds. 


Fuels 


General  Description 


Forty-two  percent  (10,100  acres)  of  the  total  area 
burned  by  the  Mack  Lake  Fire  had  a  jack  pine  (Pinus 
banksiana)  overstory  (table  3,  fig.  9)  growing  on 
Grayling  sand,  which  dries  rapidly  after  rain.  Part 
of  the  area  had  burned  in  1946  and  some  portions 
had  seeded  naturally,  while  some  areas  had  been 
planted.  The  overstory  contained  mixtures  of  open 
areas,  reproduction-,  sapling-,  and  pole-sized  stands. 
Much  of  the  latter  originated  following  1910  to  1913 
fires.  Part  of  the  area  had  been  prescribed  burned  in 
1964  with  subsequent  regeneration  5  to  10  feet  tall 
at  the  time  of  the  Mack  Lake  Fire.  Sixty-two  percent 
of  the  jack  pine  was  in  the  pole-size  class  and  38 
percent  was  in  the  seedling  and  sapling  class.  Over- 
all stand  densities  ranged  from  less  than  100  stems/ 


Table  3. — Area  burned  and  fuel  consumed  on  the 
Mack  Lake  fire  by  timber  type 

Percent 
Timber  type      Area  burned     of  total     Fuel  consumption 


Jack  pine 

Red  pine 

Oak/pine 

Oak/hardwood 

Aspen 

Miscellaneous 

Private 

Total 


Acres 
10,117 
3,707 
1,985 
2,864 
3,250 
320 
1,591 

23,834 


42 

16 

8 

12 

14 

1 

J_ 

100 


Tons/acre 
9.11 
10.61 
12. 52 
14.6 
14.5 
11. 23 
11.23 

11.23 


'Data  from  tables  4a  and  5a,  adjusted  downward  for  80  percent  fo- 
liage consumption. 

2Based  on  inventory  data  indicating  50  percent  oak,  45  percent  red 
pine,  and  5  percent  jack  pine. 

'Weighted  average  of  measured  fuel  types. 

acre  in  open  stands  to  patches  of  reproduction  at 
densities  in  excess  of  5,000  stems/acre.  Pole  timber 
densities  generally  ranged  from  400  to  1,200  stems/ 
acre.  Tree  heights  varied  from  20  to  30  feet  (4-  to  6- 
inch  d.b.h.)  to  40  to  60  feet  (8-  to  10-inch  d.b.h.). 

Scattered  throughout  the  jack  pine  area  were  red 
pine  (Pinus  resinosa)  plantations  (3,700  acres)  and 
pine/oak  mixtures  (2,000  acres).  The  latter  included 


Figure  9. — Typical  jack  pine  stand. 


northern  pin  oak  (Quercus  ellipsoidalis) ,  black  oak 
(Quercus  velutina),  and  northern  red  oak  (Quercus 
rubra).  Understory  vegetation  consisted  of  sedge 
(Carex  spp.),  herbs  (bracken  fern — Pteridium  aquil- 
inum — fig.  10  (top),  trailing  arbutus— Epigaea  re- 
pens),  low  shrubs  (blueberry — Vaccinium  -spp.,  sweet- 
fern — Comptonia  peregrina — fig.  10  (bottom)),  and 
moss  and  lichens  (Dicranum  spp.,  Cladonia  spp.).  By 
May  5,  the  sedges  had  begun  to  sprout,  the  trailing 
arbutus  was  in  bloom,  and  the  jack  pine  buds  were 
swelling,  but  most  fuels  remained  cured. 

Along  the  eastern  and  southeastern  boundaries 
and  in  occasional  stands  throughout  the  fire  area, 
the  fire  burned  through  approximately  6,100  acres 
of  predominantly  hardwood  stands  growing  on  better 
soils  (e.g.,  Rubicon).  Principal  species  were  northern 
red,  black,  and  northern  pin  oak,  quaking  aspen  (Po- 
pulus  tremuloides) ,  paper  birch  (Betula  papyrifera) , 
red  maple  (Acer  rubrum),  sugar  maple  (Acer  sac- 
charum),  and  scattered  red  pine  and  white  pine  (Pi- 
nus  strobus).  Hardwood  stands  ranged  from  sapling 
to  mature  with  generally  full  stocking.  Although  the 
aspen  had  begun  to  leaf  out  and  the  maple  buds  were 
swelling,  the  hardwood  canopy  was  essentially  un- 
developed. Throughout  the  fire  area  an  additional 
300  acres  of  miscellaneous  fuels  were  burned  as  well 
as  1,600  acres  of  unclassified  private  land. 

Fuel  Loading 

We  measured  five  paired  fuel  loading  plots  in 
burned  and  unburned  areas  in  pole-sized  jack  pine 
stands  (fig.  11).  Although  plots  along  the  edge  of  the 
fire  may  not  fully  represent  fuels  and  fuel  consump- 
tion farther  inside  the  burned  area,  they  provide  a 
rough  estimate  of  what  took  place  in  the  fire.  Average 
loading  in  the  unburned  plots  for  litter,  duff,  and 
small  twigs  was  16  tons/acre  and  average  fuel  bed 
depth  was  1.6  inches.  These  measurements  do  not 
differ  significantly  from  those  of  Walker  and  Stocks 
(1975)  under  immature  jack  pine  stands  in  Ontario 
(loading  =  19  tons/acre,  depth  =1.8  inches).  The 
combined  litter  and  duff  bulk  density  for  the  Mack 
Lake  area  (5.4  lbs/ft3)  was  similar  to  the  5.7  lbs/ft3 
measured  by  Walker  and  Stocks  (1975)  and  Brown 
(1966). 

Prefire  foliage  weights  were  estimated  using 
Brown's  (1965)  equation  based  on  data  from  the  Hu- 
ron-Manistee National  Forest.  Inputs  were:  5-inch 
d.b.h.,  800  stems/acre,  and  21  percent  of  total  living 
crown  in  foliage.  These  values  yield  an  estimated 
foliage  weight  of  2.2  tons/acre.  Using  an  average  25- 
foot  tree  height  and  an  average  5-foot  height  to  base 
of  live  crown,  the  average  bulk  density  of  the  foliage 
was  approximately  0.005  lbs/ft3. 
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Figure  10.  —  Typical  bracken  fern  fuels  (top)  and  typ 
ical  low  shrub  fuels  (blueberry,  sweet-fern)  (bottom). 

On  the  average,  19  tons  of  jack  pine  fuel  per  acn 
were  present  before  the  fire  (excluding  branchwood) 
and  9.5  tons/acre  remained  after  the  fire  for  a  ne  ; 
consumption  of  9.5  tons/acre  including  crown  foliagf 
(table  4a).  Estimating  that  an  average  of  20  percen 
of  the  foliage  was  not  consumed,  the  average  fue 
consumption  in  jack  pine  was  9.1  tons/acre.  Com 
plete  fuel  consumption  was  limited  to  the  smallest 
size  classes  (litter,  small  twigs,  and  foliage).  Ever 
here,  however,  there  were  striking  exceptions,  sue! 
as  an  area  of  reproduction  that  the  fire  burned  with 
out  consuming  the  foliage.  In  contrast,  only  aboui 
one-third  of  the  duff  and  larger  woody  material  wa* 
consumed  by  the  fire. 


Table  4b. — Range  of  fuel  loadings  and  consumption 
for  jack  pine  stands  (4-  to  6-inch  d.b.h.,  400  to 
1200  trees/acre) 


Figure  11. — Typical  jack  pine  surface  litter  before  the 
fire  (top)  and  after  the  fire  (bottom). 

Table  4a.  — Average  fuel  loading  and  consumption  for 
jack  pine  stands  (5-inch  d.b.h.,  800  trees/acre,  109 
ft2lacre  basal  area) 


Before 

After     Consumed 

-Tons/acre 

Shrubs, 

herbaceous 

0.6 

0.1          0.5 

Litter 

1.9 

.0          1.9 

Duff 

9.7 

6.1          3.6 

Wood1 

4.6 

3.3          1.3 

Foliage2 

2.2 

.0          2.2 

Total 

19.0 

9.5          9.5 

Before 

After 

Consumed 

-Tons/acre— 

Shrubs, 

herbaceous 

0.0-  2.4 

0.0-  0.2 

0.0-  2.1 

Litter 

.2-  5.3 

.0 

.2-  5.3 

Duff 

4.2-18.0 

1.4-11.7 

.8-  7.8 

Wood1 

4.4-  5.0 

41.6-  5.3 

.0-  2.8 

Foliage2 

1.0-  3.8 

.0-  3.8 

.0-  3.8 

Measured  range3 

11.0-27.2 

4.5-16.6 

.0-19.1 

'Average  for  all  species  (12  samples) . 

2Based  on  Brown's  (1965)  equation  (not  including  branchwood). 

3Range  of  individual  plots — not  the  range  columns. 

"The  highest  woody  fuel  loading  was  measured  on  a  burned  plot. 

Fuel  loadings  for  pole-sized  jack  pine  ranged  from 
11  to  27  tons/acre  before  the  fire  and  4  to  17  tons/ 
acre  afterward  (table  4b).  The  total  range  of  jack  pine 
fuel  loading  varied  from  3.5  tons/acre  in  an  open  area 
to  more  than  50  tons/acre  in  a  fully  stocked  pole 
timber  stand  with  precommercial  thinning  residue 
underneath.  In  the  latter  case,  neither  the  foliage 
nor  the  larger  surface  fuels  were  consumed  (fig.  12). 

The  prescribed  fire  area  had  been  whole-tree  logged 
with  the  slash  returned  to  the  cutting  area  and  scat- 
tered. The  difficulty  of  achieving  a  uniform  slash 
distribution  resulted  in  numerous  piles  of  slash 
throughout  the  area.  Using  Brown's  (1965)  equation 
for  predicting  logging  residue  from  stand  character- 
istics, we  estimate  that  20  tons/acre  were  left  after 


'Average  for  all  species  (1 2  samples). 

2Based  on  Brown's  (1965)  equation  (not  including  branchwood). 


Figure   12. — Mature  jack  pine  stand  with  uncon- 
sumed  precommercial  thinning  residue  underneath. 
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cutting  in  the  prescribed  burn  area.  From  table  4a, 
an  additional  12  tons/acre  of  litter,  duff,  and  her- 
baceous material  were  present,  of  which  6  tons/acre 
were  consumed.  Therefore,  the  total  prefire  loading 
on  the  prescribed  burn  site  was  32  tons/acre  and  total 
consumption  was  26  tons/acre. 

Total  prefire  loading  for  red  pine  (21  tons/acre) 
was  similar  to  that  for  jack  pine  (table  5a).  There 
was  more  litter,  less  duff,  and  more  estimated  foliage 
in  the  red  pine  stand.  Combined  bulk  density  for  red 
pine  litter  and  duff  (2.8  lbs/ft3),  however,  was  half 
that  for  jack  pine.  Based  on  three  paired  plots,  total 
consumption  for  red  pine  was  12  tons/acre.  Adjusting 
downward  for  80  percent  foliage  consumption  yields 
an  average  consumption  of  10.6  tons/acre  in  red  pine. 

Prefire  surface  fuel  loadings  for  aspen  (22.5  tons/ 
acre)  and  oak  (40  tons/acre)  were  greater  than  that 
for  the  pines  (tables  5b,  5c).  The  major  difference 
was  in  the  litter  and  duff  layers.  Aspen  stands  con- 
tained 60  percent  more  material  (by  weight)  than 
the  pine  stands,  and  oak  stands  were  three  times 
heavier.  Average  depth  of  litter  and  duff  in  the  aspen 
stands  was  1.9  inches,  yielding  a  bulk  density  of  5.1 
lbs/ft3.  Litter  and  duff  under  the  oak  stand  averaged 
2.6  inches  deep,  yielding  a  bulk  density  of  7.4  lbs/ 
ft3.  Based  on  six  paired  plots,  fuel  consumption  in 
the  aspen  and  oak  stands  averaged  14.5  tons/acre. 

Table  5a. — Average  fuel  loading  and  consumption  for 
red  pine  stands  (8.0-inch  d.b.h.,  143  ft2lacre  basal 
area) 

Before     After     Consumed 


Shrubs,  herbaceous 

Litter 

Duff 

Wood1 

Foliage2 

Total 


0.2 
5.3 
4.7 
4.6 
6.0 


■Tons/acre- 
0.0 
2.7 
3.0 
3.3 
.0 


20.8       9.0 


0.2 
2.6 
1.7 
1.3 
6.0 

11.8 


'Average  for  all  species  (12  samples) . 

2Based  on  Brown's  (1965)  equation  (not  including  branchwood). 

Table  5b.  — Average  fuel  loading  and  consumption  for 
quaking  aspen  (7.3-inch  d.b.h.,  80  ft2lacre  basal 

area) 

Before     After     Consumed 


Shrubs,  herbaceous 

Litter 

Duff 

Wood1 

Total 


0.3 

3.9 

13.7 

4.6 


■Tons/acre- 
0.0 
1.0 
3.7 
3.3 


22.5       8.0 


0.3 

2.9 

10.0 

1.3 

14.5 


'Average  for  all  species  (12  samples). 


Fuel  loading  in  a  typical  sedge  area  was  3.5  tons/ 
acre,  of  which  2.6  tons/acre  were  consumed  (table 
5d).  This  was  the  lowest  fuel  loading  found  on  the 
fire  site.  There  is  no  estimate  available  of  how  much 
of  the  total  area  burned  was  in  this  fuel  type. 

Fuel  consumption  by  timber  type  is  summarized 
in  table  3.  A  weighted  average  of  11.2  tons/acre  of 
fuel  was  consumed.  Multiplying  by  the  total  area 
burned  yields  an  estimated  267,000  tons  of  fuel  con- 
sumed by  the  Mack  Lake  Fire. 

Fuel  Moisture 

Surface  fuels. — Fuel  moisture  data  were  not 
available  for  the  day  of  the  fire.  Two  fuel  moisture 
stick  observations  at  1300  EDT  were  available  from 
Mio — USDA  Forest  Service  (11  percent)  and  Mich- 
igan Department  of  Natural  Resources  (8  percent). 
Using  Simard's  (1968)  equation  and  the  1400  obser- 
vations at  Mio  (table  2),  equilibrium  moisture  con- 
tent was  determined  to  be  5  percent.  The  National 
Fire-Danger  Rating  System  1-hour  time  lag  fuel 
moisture  prediction  was  6  percent,  and  the  Canadian! 
Fire  Weather  Index  fine  fuel  moisture  code  estimate' 
was  7  percent.  It  is  reasonable  to  assume,  therefore, 
that  the  primary  cured  fuels  involved  in  the  fire  had 
moisture  contents  between  5  and  10  percent. 

Fuel  moisture  samples  were  taken  on  May  6,  2.' 
hours  after  a  trace  of  rain  had  fallen.  Lichen  and 


Table  5c. — Average 
black  oak  stands 
area) 


fuel  loading  and  consumption  for 
(7.5-inch  d.b.h.,  95  ft2lacre  basal 


Before     After     Consumed 


Shrubs,  herbaceous 

Litter 

Duff 

Wood1 

Total 


0.2 

8.9 

26.6 

4.6 


■Tons/acre- 

0.0 

3.5 

18.9 

3.3 


40.3      25.7 


0.2 
5.4 
7.7 
1.3 

14.6 


! 

: 


'Average  for  all  species 

Table  5d. — Average 
sedge  areas 


(12samples) 

fuel  loading  and  consumption  for  '• 


Before     After     Consumed 


Shrubs,  herbaceous 

Litter 

Duff 

Wood 

Total 


Tons/acre 

0.5        0.2  0.3 

.1  .0  .1 

2.3  .7  1.6 

.6  .0  .6 


3.5 


2.6 
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bracken  fern  had  moisture  contents  of  20  and  19 
percent,  respectively.  Clearly  they  would  have  been 
lower  on  May  5.  Blueberry  stems  had  a  67-percent 
moisture  content.  Although  this  is  lower  than  re- 
ported minimum  values  (105  percent)  during  the 
growing  season  in  Michigan  (Loomis  and  Blank  1981), 
our  sample  included  only  woody  stems,  whereas  pre- 
vious data  included  foliage  as  well  as  stems. 

Foliage  moisture. — Van  Wagner  (1967)  found  a 
spring  dip  in  jack  pine  foliar  moisture  starting  4  to 
6  weeks  prior  to  flushing  (fig.  13).  Average  jack  pine 
twig  and  foliage  moisture  content  measured  2  to  5 
days  after  the  Mack  Lake  Fire  was  120  percent,  with 
a  range  of  100  to  135  percent  (10  samples).  Although 
this  is  higher  than  the  minimum  noted  by  Van  Wag- 
ner (100  percent),  it  is  lower  than  the  average  mois- 
ture content  throughout  the  rest  of  the  year. 

Stashko  and  McQueen  (1974)  state  that  1  or  2  days 
of  high  wind  and  low  relative  humidity  can  reduce 
foliar  moisture  content  by  as  much  as  20  percent. 
Data  from  Grieve  and  Such  (1977)  indicate  short- 
term  jack  pine  foliar  moisture  content  variations  on 
the  order  of  10  to  40  percent,  which  they  attribute 
to  sampling  error.  It  is  possible,  however,  that  on 
porous  soils  such  as  Grayling  sand,  foliar  moisture 
stress  can  be  induced  on  dry,  windy  days.  Therefore, 
it  is  possible  that  on  the  day  of  the  fire,  foliar  mois- 
ture could  have  been  10  to  15  percent  lower  than  our 
measurements  indicate. 


I      I      l l_ 


MARCH       APRIL 


MAY  JUNE  JULY         AUGUST       SEPT 

DAY  OF  THE  YEAR 


Van  Wagner  (1974a)  states  that  the  difference  be- 
tween spring  and  summer  foliar  moisture  can  double 
the  rate  of  crown  fire  spread.  Grieve  and  Such  (1977) 
indicate  that  jack  pine  crown  fires  are  likely  at  mois- 
ture contents  below  135  percent.  They  note,  however, 
that  high  jack  pine  foliar  moisture  coincides  with 
green  surface  vegetation,  and  low  foliar  moisture 
coincides  with  cured  surface  vegetation.  They  con- 
clude that  several  factors  are  involved  in  crown  fire 
occurrence,  and  it  is  not  possible  to  determine  the 
specific  role  of  each. 


Topography 


Figure  13. — Annual  trend  in  jack  pine  foliar  mois- 
ture at  Petawawa,  Ontario  (from  Van  Wagner  1967). 


The  Mack  Lake  Fire  burned  on  the  eastern  edge 
of  the  Lower  Michigan  highlands,  which  are  about 
75  miles  across.  Average  elevation  is  1,250  feet  (570 
feet  above  Lake  Michigan)  and  maximum  elevations 
range  from  1,500  to  1,700  feet.  The  fire  burned  on  a 
plateau  approximately  14  miles  wide,  extending  12 
miles  beyond  the  eastern  edge  of  the  highlands.  The 
top  of  the  plateau  is  a  very  shallow  basin  approxi- 
mately 5  miles  across,  draining  into  Mack  Lake.  In 
a  north-south  cross  section,  the  valley  rises  from  1,170 
feet  at  Mack  Lake  to  an  average  of  1,300  feet  (max- 
imum 1,470  feet)  along  the  edges  of  the  plateau. 
Going  from  west  to  east,  the  basin  is  nearly  flat, 
rising  from  1,150  feet  along  Big  Creek  to  1,250  feet. 

The  fire  made  its  major  run  in  a  flat  portion  of  a 
basin  where  many  areas  have  elevational  differences 
of  less  than  10  feet  in  a  mile.  The  edges  of  the  basin 
are  rolling,  with  slopes  of  20  to  30  percent  and  ele- 
vational differences  of  30  to  70  feet.  These  changes 
no  doubt  resulted  in  local  topographic  effects,  such 
as  increased  upslope  rates  of  spread,  greater  fire  in- 
tensity on  southern  exposures,  and  increased  tur- 
bulence and  spotting.  They  did  not,  however,  signif- 
icantly affect  the  overall  behavior  of  the  fire. 

The  basin  has  roads  along  a  majority  of  section 
lines  and  secondary  roads  within  many  sections, 
breaking  the  area  into  square  mile  or  smaller  blocks. 
As  with  topographic  effects,  roads  probably  influ- 
enced local  fire  behavior.  They  were  ineffective,  how- 
ever, in  stopping  or  significantly  slowing  the  fire  (up- 
per-left photo,  back  cover).  The  initial  escape  resulted 
from  spots  that  jumped  more  than  200  feet  across  a 
two-lane  highway  (fig.  14).  There  are  no  significant 
wetlands  or  marshes  in  the  basin  which  might  have 
impeded  the  fire's  progress.  We  therefore  conclude 
that  there  were  no  topographic  barriers  to  the  spread 
of  the  fire,  once  it  became  established. 
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Figure  14. — View  from  probable  point  of  spotting  to 
point  of  ignition,  east  of  Highway  33  (50  feet  to  left 
of  h igh way  sign). 

FIRE  PHENOMENA 
Fire  Chronology 

An  aerial  photomosaic  of  the  Mack  Lake  Fire  (fig. 
15)  indicates  the  approximate  position  of  the  fire 
front  at  each  time  in  the  following  chronology. 

Between  1022  and  1026*  (May  5)4  i 

The  Crane  Lake  prescribed  burn  (fig.  16)  was  ig- 
nited. No  unusual  fire  activity  was  noted  for  the  first 
45  minutes.  The  piled  slash  burned  vigorously,  with 
flame  lengths  of  10  to  15  feet,  but  flame  lengths 
between  the  piles  were  only  6  to  12  inches  (fig.  17). 
Although  some  spot  fires  crossed  the  control  line, 
they  were  easily  contained  and  firing  resumed.  Dur- 
ing the  next  45  minutes,  three  more  spot  fires  oc- 
curred, one  of  which  required  a  double  plow  line  to 
contain. 

At  1206* 

The  prescribed  fire  spotted  into  standing  jack  pine 
timber  adjacent  to  and  upslope  (26  percent)  of  the 
prescribed  fire  area  (fig.  18).  Being  on  the  windward 
edge  of  a  hill  (fig.  19),  the  stand  was  exposed  to  the 
wind;  this,  coupled  with  heavier  fuel  loadings,  in- 
cluding bracken  fern,  resulted  in  a  much  faster  spread 


^District  log  book  entries  are  noted  by  an  asterisk. 
Other  times  are  estimates  made  by  observers. 


rate  than  had  been  experienced  in  the  prescribe* 
burn  area.  The  fire  spread  eastward  toward  Highway 
33,  675  feet  away,  with  scorch  heights  ranging  fron 

1  to  6  feet.  A  tractor/plow  attempted  to  contain  th< 
spot  between  the  prescribed  burn  and  the  highway 
(fig.  19). 

Between  1215  and  1230* 

The  fire  spotted  across  Highway  33.  This  may  hav 
resulted  from  the  burning  slash  piles  or  from  th 
spot  fire  torching  a  small  group  of  trees  at  the  edg 
of  the  highway.  The  first  spot  across  the  highwa; 
had  scorch  heights  of  2  to  4  feet  and  was  contains 
at  three-fourths  of  an  acre.  A  second  spot  (225  fee 
from  the  fire,  fig.  14),  first  noted  at  15  feet  in  di 
ameter,  was  attacked  by  a  tractor/plow  within  4  min 
utes  of  detection.  At  this  time,  considerable  smoke 
was  reported  across  Highway  33,  hampering  visi 
bility.  The  spot  torched  some  trees  within  25  feet  o 
the  point  of  origin  and  then  dropped  to  the  groun< 
in  a  narrow  strip  of  mature  jack  pine.  The  fire  bos 
recalled  a  sudden  increase  in  windspeed  at  this  time 
The  fire  entered  an  extensive  sapling-sized  jack  pin 
stand  and  crowned  within  100  feet  of  the  point  o 
origin  (fig.  20).  Surface  fuel  at  the  point  of  crowninj 
was  primarily  sedge  combined  with  pine  litter  an< 
duff  (table  5d). 

Between  1232*  and  1245* 

The  fire  front  was  V2  mile  east  of  Highway  33,  an 
spotting  at  least  lA  mile  ahead  (fig.  21).  The  tractoi 
plow  was  now  working  the  north  flank.  An  armorei 
tanker  started  following  and  eventually  passed  th 
tractor/plow.  The  tractor/plow  operator  was  trappei 
shortly  after  being  passed  by  the  tanker.  The  tanke 
crew  reported  that  they  never  saw  the  head  of  th 
fire,  despite  traveling  at  4  to  6  mi/h  while  sprayin 
water.  Although  the  fire  was  on  the  ground  close  t 
where  the  crew  was  working  (flame  heights  of  1  t: 

2  feet),  torching  and  crowning  were  visible  100  t' 
200  feet  inside  the  line  (flame  heights  of  30  to  4n 
feet).  The  fire  was  described  by  the  crew  as  turbulen 
with  "heavy,  roiling  black  smoke."  The  wind  shiftei 
direction  several  times  and  the  fire  frequently  fin; 
gered  in  a  northerly  direction.  The  fire  was  reporte< 
to  be  "...  very  sensitive  to  wind.  A  slight  change  ii 
wind  direction  and  a  hot  flank  immediately  turnei 
into  a  crowning  head."  The  changes  were  describe* 
as  instantaneous.  In  the  words  of  the  tanker  oper 
ator,  "I'm  sure  that  the  main  head  of  the  fire  wa 
heading  east,  but  the  flanks  were  acting  like  th 
head  of  many  fires  I've  been  on." 

Wind  data  from  Houghton  Lake  and  patterns  ( 
unburned  tree  crowns  give  no  indications  of  shoi 
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ipproximate  positions  <>/  the  leading  edge  of  the  fire  during 
'the  afternoon  of  May  5,  1980.  Photo  courtesy  Huron -Manistee  National  Forest. 


Figure  15.—  Area  burned  by  the  Mack  Lake  Fire,  includin 


gure  16. — Aerial  view  (looking  north)  of  Crane  Lake  prescribed  burning  unit.  Ignition  began 
at  intersection  of  north-south  fire  line  and  east-west  skid  trail  (right -center).  Firing  proceeded 
northward  (note  unburned  area  east  of  fire  line)  and  around  island  of  standing  timber.  Escape 
(west  of  Highway  33)  was  into  standing  timber  just  beyond  island. 


— Early  stage  of  prescribed  fire.  Note  con- 
fire  intensity  between  piles  and  open  areas, 
ourtesy  Huron-Manistee  National  Forest, 
nger  District. 


Figure  18. — View  of  standing  timber  into  which  in- 
itial escape  occurred  (top  of  hill  in  background). 


Figure  19. — Plow  line  that  failed  to  hold  initial  es- 
cape. Note  openness  of  stand  into  which  fire  spotted. 

duration  shifts  of  the  ambient  wind,  implying  local 
fire-induced  turbulence.  Subsequent  examination  of 
the  area  strongly  indicated  that  a  horizontal  roll 
vortex  (see  page  24)  formed  along  the  flank  where 
the  crew  was  working  (fig.  22).  The  crew  was  working 
on  the  north  side  of  an  unburned  crown  strip.  The 
crew's  description  of  fire  conditions  (1-  to  2-foot  flame 


Figure  20. — View  of  escape  area  (east  of  Highway 
33,  in  background) .  Fire  crowned  in  sapling -sized 
timber  in  foreground.  Note  plowline  in  foreground. 


Figure  21.  —  Two  spot  fires  along  north  flank,  'A  mile  ahead  of  main  fire  front.  (Second  spot  is 
behind  trees  at  left.)  Photo  courtesy  of  Huron-Manistee  National  Forest,  Mio  Ranger  District. 
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Figure  22. — Aerial  photograph  of  the  fatality  area.  L  =  tractor  plow  line,  (three  subsequent 
plow  lines  can  be  seen  in  the  northeast  quadrant  of  the  photo),  N  =  north,  P  =  power  line 
and  gravel  road,  R  =  approximate  route  of  leading  tanker  unit,  S  =  fire  spread  direction, 
and  T  —  final  location  of  tractor  I  plow  unit.  Photo  courtesy  Huron-Manistee  National  Forest. 


heights  and  extreme  turbulence)  is  consistent  with 
a  strong  downdraft  carrying  firebrands  and  igniting 
a  line  of  fire,  along  which  they  were  working  (see 
fig.  26).  Their  description  of  30  to  40  foot  flame  heights 
and  crowning  100  to  200  feet  further  inside  the  burn- 
ing area  is  consistent  with  a  vortex  updraft.  The 
evidence  of  a  northward  moving  crown  fire  approx- 
imately 100  feet  east  of  the  point  where  the  tractor 
abruptly  turned  northward  is  consistent  with  a  local 
north  wind  resulting  from  the  downdraft  portion  of 
a  vortex.  There  is  also  evidence  of  an  eastward  mov- 
ing crown  fire  (originating  from  spots  which  crossed 
the  line  behind  the  tractor)  approximately  200  feet 
north  of  the  tractor's  final  position.  Once  established, 
the  latter  crown  fire  was  presumably  beyond  the  in- 
fluence of  the  vortex  and  responded  to  ambient  winds. 
The  tractor/plow  and  operator  were  trapped  between 
the  two  fires  while  the  tanker  (approximately  100 
yards  ahead)  was  able  to  turn  northward  and  escape. 

Because  other  scenarios  could  be  reasonably  con- 
sistent with  the  physical  evidence,  we  cannot  prove 
that  our  hypothesis  is  what  actually  transpired. 


However,  all  other  possibilities  we  considered  do  nc 
appear  to  agree  with  the  physical  evidence  as  we 
as  that  postulated  here.  Therefore,  although  we  hav 
described  what,  in  our  opinion,  is  the  most  likel 
sequence  of  events,  further  research  on  the  forme 
tion  of  horizontal  roll  vortices  will  be  needed  to  cor 
firm  or  refute  our  hypotheses. 

At  1310* 

The  fire  crossed  County  Road  489  (IV2  miles  eas 
of  the  last  reported  position).  It  was  approaching  th 
village  of  Mack  Lake,  which  had  been  evacuatec 
Photographs  (cover)  indicate  flame  heights  of  twic 
the  height  of  the  trees  (20  to  30  feet).  The  fire  bos 
reported  that  "a  wall  of  fire"  was  approaching  th 
village.  He  was  "impressed  with  its  consistency."  H 
reported  flame  heights  20  to  30  feet  above  the  tree: 
These  observations  suggest  flame  heights  rangin 
from  40  to  60  feet  (back  cover — bottom).  The  fir 
was  still  spotting  at  least  lA  mile  ahead  (spot  on  edg 
of  lake — front  cover  photo). 
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At  1325* 


At  1600 


The  fire  had  passed  through  the  village  of  Mack 
Lake.  Forty-four  homes  and  cottages  (about  one  out 
of  three)  were  destroyed  (fig.  23).  Although  a  study 
was  not  conducted,  a  general  impression  is  that  homes 
with  mowed  lawns  and  some  distance  between  them 
and  the  jack  pine  forest  survived.  Those  in  minimal 
clearings  with  natural  vegetation  and/or  with  fire- 
wood piled  adjacent  to  the  house  did  not.  This  is 
consistent  with  findings  after  other  large  wildfires 
(Fischer  and  Books  1977). 


The  fire  was  Vi  mile  east  of  Forest  Service  Road 
4527  along  County  Road  604  (4  miles  east  of  the  1325 
position).  This  sector  of  the  fire  had  passed  from  jack 
pine  to  hardwoods  and  was  burning  on.the  ground. 
The  northeast  corner  of  the  fire  had  become  a  flank, 
and  control  actions  were  becoming  effective  along 
this  portion  of  the  perimeter.  Most  of  the  front,  how- 
ever, was  still  actively  crowning  in  jack  pine. 

At  1825* 


By  this  time,  the  fire  was  V2  mile  east  of  Forest 
Service  Road  4146  (IV2  miles  east  of  the  1310  posi- 
tion). At  about  this  time,  a  second  report  indicated 
that  the  fire  had  spread  along  County  Road  604  from 
Forest  Service  Road  4458  to  4460  (2  miles)  in  15 
minutes.  These  observations  indicate  spread  rates  of 
6  to  8  mi/h — the  fastest  reported  spread  rates  during 
the  fire's  run.  One  observer  remarked  that  it  was 
"notably  warmer"  when  the  fire  was  still  V2  mile 
away.  The  flames  were  described  as  similar  to  movies 
of  the  sun,  with  isolated  balls  of  flame  in  the  air. 
Another  observer  noted  that,  "Following  the  crown 
fire,  unburned  ground  fuels  ignited  and  burned  in 
all  directions."  This  could  imply  that  during  the  ma- 
jor run,  the  crown  fire  was  independent  of  the  ground 
fire.  This  observation  could  also  describe  a  crown  fire 
which  gained  momentum  from  spot  fires  and  raced 
ahead  of  the  surface  fire  for  some  distance  before 
dropping  back  to  the  ground.  Surface  fuels  ignite 
from  material  that  drops  from  the  burning  overstory. 
Such  "semi-independent"  crown  fire  behavior  was 
reported  on  the  Gaston  Fire  in  South  Carolina.5  It 
is  in  the  areas  burned  during  this  period  that  the 
largest  unbroken  areas  of  crown  fire  are  found. 

At  1530 

The  fire  was  at  the  junction  of  County  Road  489 
and  Forest  Service  Road  4461  (3  miles  east  of  the 
1325  position).  The  wind  had  shifted  to  west-north- 
west and  the  fire  was  now  spreading  east-southeast 
on  a  wide  front.  Although  the  fire  was  still  spreading 
rapidly,  the  rate  of  advance  had  slowed  slightly.  The 
three  back  cover  photographs  were  taken  during  this 
interval. 


5Wade,  Dale.  Research  Forester.  U.S.  Department 
of  Agriculture,  Forest  Service,  Southeastern  Forest 
Experiment  Station,  Macon,  GA;  personal 
communication. 


The  fire  was  reported  to  be  4  to  5  miles  northwest 
of  the  community  of  South  Branch.  Since  the  final 
perimeter  was  5  miles  northwest  of  South  Branch, 
the  fire  was  perhaps  5V2  miles  away  at  this  time. 
This  is  IV2  miles  from  the  1600  position.  The  wind 
had  further  shifted  to  north-northwest  and  the  fire 
was  now  spreading  south-southeast.  What  had  been 
the  southern  flank  was  now  the  fire  front.  Although 
most  of  the  fuel  burned  during  this  period  wa.c  jack 
pine,  the  crown  fire  appears  to  have  weakened.  A 
random  sample  of  an  aerial  photomosaic  (fig.  15) 
indicates  that  in  the  area  burned  during  this  period, 
an  average  of  30  percent  of  the  crown  foliage  was 
not  consumed.  Since  both  wind  and  fuels  remained 
constant,  we  presume  that  this  change  largely  re- 
flected increased  relative  humidity  which,  by  1800, 
had  risen  to  55  percent.  During  this  period,  video 
tapes  of  the  fire  taken  along  Highway  33  (at  the  rear 
and  flank)  show  backfire  flame  heights  of  12  to  18 
inches  in  jack  pine  surface  fuels.  Flame  heights  in 
2-  to  2V2-foot-deep  fresh  slash  were  5  to  10  feet,  how- 
ever. Thus,  although  the  fire  had  slowed,  it  still  pre- 
sented control  problems,  particularly  where  fuel 
loadings  were  high.  High  crown  scorch  heights  of 
isolated  red  and  jack  pine  trees  in  the  hardwood  areas 
attest  to  the  fact  that  even  though  the  fire  burned 
on  the  ground,  it  was  still  moderately  intense. 

By  2400 

The  fire  spread  an  additional  V2  mile  to  the  east 
and  south,  primarily  on  the  ground,  through  hard- 
wood stands.  Mechanized  equipment  could  now  work 
effectively  on  all  sections  of  the  perimeter. 

By  0600  (May  6) 

The  fire  had  essentially  stopped  spreading. 
Suppression  forces  had  constructed  15  miles  of  con- 
trol line. 
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Figure  23. — Four  homes  at  Mack  Lake — two  destroyed  and  two  saved.  The  two  homes  on  the 
left  are  shown  on  the  front  cover  just  before  the  fire  passed  (top).  The  village  of  Mack  Lake 
after  the  fire.  About  one  structure  in  three  was  destroyed  (bottom). 


By  1800 

The  fire  was  contained  at  23,830  acres,  with  35 
miles  of  control  line.  There  was  no  significant  in- 
crease in  acreage  burned  during  the  day.  Little  dif- 
ficulty was  experienced  in  burning  out  from  plowed 
control  lines. 


It  is  important  to  note  that  during  the  4  days 
following  passage  of  the  same  dry  cold  front  that 
affected  the  Mack  Lake  Fire,  a  forest  fire  in  Alberta 
increased  from  20,000  to  150,000  acres  in  size  (Alex- 
ander et  al.  1983).  Therefore,  it  is  reasonable  to  as- 
sume that  if  the  Mack  Lake  Fire  had  not  run  out  of 
jack  pine,  the  total  area  burned  would  have  been 
significantly  larger. 
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Fire  Behavior 

We  calculated  or  estimated  12  parameters  describ- 
ing the  behavior  of  the  Mack  Lake  Fire.  They  are 
divided  into  two  categories:  size  (table  6a)  and  en- 
ergy release  (table  6b).  The  first  group  includes  rate 
of  spread,  length  of  head,  length  of  perimeter,  rate 
of  perimeter  growth,  area,  and  rate  of  area  growth. 
The  second  group  includes  fireline  intensity,  frontal 
energy  release  rate,  total  energy  release  rate,  total 
energy  released,  fuel  consumption,  and  total  fuel 
consumed.  Flame  length  data  for  the  fire  were  not 
available.  Although  a  few  flame  heights  were  re- 
ported or  could  be  scaled  from  photographs,  the  in- 
formation was  too  sketchy  to  include  in  table  6.  Each 
parameter  was  determined  for  eight  intervals  during 
the  fire's  history  to  coincide  with  the  fire  chronology. 


When  the  specific  endpoints  of  an  interval  are  not 
known  (e.g.,  between  1022  and  1026),  the  average 
denotes  the  beginning  or  end  of  the  fire  behavior 
interval  (e.g.,  1024).  The  two  intervals  1325-1530- 
1600  were  combined  into  one  in  table  6.  Computa- 
tional techniques  are  described  in  Appendix  I. 

Spread  and  Intensity 

During  its  major  run  (1230  to  1600)  the  Mack 
Lake  Fire  spread  7.5  miles  at  an  average  rate  of  2.1 
mi/h.  This  rate  is  similar  to  those  of  other  major  fires. 
The  Sundance  Fire  in  Idaho  spread  15.5  miles  in  9 
hours  (1.7  mi/h,  Anderson  1968),  and  the  Air  Force 
Bomb  Range  Fire  in  North  Carolina  covered  12  miles 
in  7.25  hours  (1.7  mi/h,  Wade  and  Ward  1973).  Red 
Lake  31  in  Ontario  spread  10  miles  in  5  hours  (2  mi/ 
h,  Stocks  1975),  the  Badoura  Fire  in  Minnesota  spread 


Table  6a. — Mack  Lake  Fire  behavior  (size) 


Length 

Length  of 

Rate  of  per- 

Rate of 

Time 

Duration 

Rate  of  spread1 

of  head2 

perimeter2 

imeter  growth1 

Area2 

area  growth1 

h:min 

mi/h 

ft/sec 

mi 

mi 

mi/h 

acres 

acres/hour 

1024-1206 

1:42 

— 

— 

— 

0.9 

— 

20 

— 

1206-1222 

0:16 

0.45 

0.66 

0.06 

1.3 

1.5 

23 

11 

1222-1238 

0:16 

1.9 

2.8 

.25 

2.2 

4.6 

80 

300 

1238-1310 

0:32 

2.8 

4.1 

1.0 

6.5 

7.0 

1,000 

1,700 

1310-1325 

0:15 

37.0 

310.3 

1.5 

10.0 

14.0 

3,000 

8,000 

1325-1600 

2:35 

1.5 

2.2 

3.5 

20.0 

3.9 

9,000 

2,300 

1600-1825 

2:25 

.6 

.8 

6.5 

24.0 

1.4 

20,000 

4,000 

1825-2400 

5:35 

.09 

.13 

7.0 

434.0 

5.25 

623,000 

550 

'Average  for  the  period. 

2At  the  end  of  the  period. 

3Average  of  two  observations. 

"Based  on  a  final  perimeter  of  35  miles. 

5Based  on  what  the  calculated  perimeter  would  have  been  (25.4  miles). 

6Based  on  a  final  size  of  23,830  acres. 


Table  6b. — Mack  Lake  Fire  behavior  (energy  release) 


Time 


Fireline 
intensity 


Frontal  energy 
release  rate 


Total  energy 
release  rate 


Total  energy 
released 


Fuel 
consumption 


Total  fuel 
consumed 


1024-1206 
1206-1222 
1222-1238 
1238-1310 
1310-1325 
1325-1600 
1600-1825 
1825-2400 
Total 


Btu/ft/sec 

Btu/sec] 

Btu/sec 

Btu 

Tons/sec 

Tons 

— 

— 

1.15x106 

6.24  x109 

0.09 

520 

21,350 

2.14x105 

2.74x105 

2.63x10s 

.02 

20 

8,100 

6.61  x106 

7.56x106 

7.26x109 

.63 

600 

11,800 

3.92x107 

6.10x107 

1.18x1011 

5.1 

9,770 

329,700 

1.98x108 

2.83x108 

2.55x1011 

23.5 

21,230 

6,300 

8.38x107 

8.22x107 

7.64x10n 

6.8 

63,700 

2,300 

6.09x107 

1.62x108 

1.40x1012 

12.6 

115,500 

4530 

1.89x107 

3.39x107 

6.82x1011 
3.32x1012 

2.8 

555,920 
267,260 

'Based  on  average  head  length  during  period:  (final 

2Foliage  not  consumed. 

'Average  of  two  observations. 

"Fire  burned  in  hardwoods  during  this  period. 

5Based  on  a  final  size  of  23,830  acres. 


initial)/2. 
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7.5  miles  in  4.75  hours  (1.6  mi/h,  Minnesota  De- 
partment of  Conservation  1959),  and  fire  DND-4-80 
in  Alberta  spread  11  miles  in  5  hours  (22  mi/h,  Alex- 
ander et  al.  1983).  Although  2  mi/h  is  an  impressive 
sustained  run,  faster  sustained  rates,  although  rare, 
have  occasionally  been  recorded:  the  Lesser  Slave 
Lake  Fire  in  Alberta  (4  mi/h  for  10  hours,  Kiil  and 
Grigel  1969),  the  Mullen  Fire  in  Nebraska  (6  mi/h 
for  5  hours),6  the  Big  Scrub  Fire  in  Florida  (6  mi/h 
for  3  hours,  Anderson,  in  press).  The  peak  rates  of 
spread  for  the  Mack  Lake  Fire  (6  to  8  mi/h)  equal 
the  peaks  for  the  Sundance  Fire  and  the  Badoura 
Fire.  Faster  peak  rates  of  spread  could  not  be  found 
in  the  literature. 

The  fast  spread  rate  of  the  Mack  Lake  Fire  re- 
sulted from  three  factors:  relative  humidity  aver- 
aging 23  percent,  windspeed  averaging  15  mi/h  and 
gusting  to  30  mi/h,  and  dense  pole-sized  jack  pine. 
Between  1600  and  1800,  relative  humidity  rose  from 
37  to  55  percent.  At  the  same  time,  the  fire  moved 
from  jack  pine  into  hardwoods.  Both  factors  contrib- 
uted to  the  significant  reduction  in  rate  of  spread 
during  the  evening  hours  (0.6  mi/h). 

During  its  major  run,  the  Mack  Lake  Fire  had  an 
average  fireline  intensity  of  8,800  Btu/ft/sec.  Given 
the  variability  associated  with  estimating  fire  in- 
tensity, this  is  similar  to  the  averages  for  Red  Lake 
31  (8,500  Btu/ft/sec),  the  Sundance  Fire  (7,300  Btu/ 
ft/sec),  and  the  Bomb  Range  Fire  (6,000  Btu/ft/sec). 
Note,  however,  that  intensity  at  Mack  Lake  is  av- 
eraged over  only  3.5  hours,  compared  with  5  to  9 
hours  for  the  other  fires.  Although  the  Lesser  Slave 
Lake  Fire  had  a  reported  average  intensity  of  25,000 
Btu/ft/sec,  duff  burn  depths  of  up  to  6  inches  were 
also  reported.  Because  a  significant  portion  of  this 
material  would  have  been  consumed  after  the  fire 
front  passed,  the  Slave  Lake  intensity  is  not  com- 
parable to  that  of  the  Mack  Lake  Fire.  Peak  fireline 
intensity  (average  of  two  15-minute  observations)  for 
the  Mack  Lake  Fire  was  29,700  Btu/ft/sec.  This  ap- 
proximates what  some  authorities  consider  an  upper 
intensity  limit  for  a  moving  crown  fire — 30,000  Btu/ 
ft/sec  (Byram  1959).  The  maximum  1-hour  average 
fireline  intensity  (1225  to  1325)  for  the  Mack  Lake 
Fire  was  15,500  Btu/ft/sec.  This  is  less  than  the  max- 
imum 1-hour  average  for  the  Sundance  Fire  (22,500 
Btu/ft/sec)  and  the  Bomb  Range  Fire  (18,100  Btu/ft/ 
sec). 


^Anderson,  Hal.  Research  Forester.  U.S.  Depart- 
ment of  Agriculture,  Forest  Service,  Northern  Forest 
Fire  Laboratory,  Missoula,  MT;  personal 
communication. 


Observed  fire  behavior  was  compared  with  pre- 
dictions from  the  Albini  (1976)  fire  behavior  models. 
Model  inputs  were:  effective  windspeed,  15  mph;  slope, 
0  percent;  dead  fuel  moisture,  7  percent;  and  live 
fuel  moisture,  100  percent.  During  the  initial  escape 
west  of  Highway  33  (1206  to  1222)  the  fire  burned 
on  the  ground,  under  a  closed  jack  pine  canopy.  This 
group  of  trees  was  about  3  acres  in  size  and  exposed 
to  the  wind  on  three  sides.  Model  2  (open  timber 
grass  understory)  yielded  a  0.9-mi/h  rate  of  spread, 
an  8-foot  flame  length,  and  a  500-Btu/ft/sec  intensity 
Model  10  (closed  timber,  litter,  understory)  yielded 
a  0.2-mi/h  rate  of  spread,  a  6-foot  flame  length,  and 
a  300  Btu/ft/sec  intensity.  Because  the  stand  might 
best  be  described  as  partially  open,  the  fact  that  the 
observed  rate  of  spread  (0.45  mi/h)  lies  .between  the 
two  predictions  seems  reasonable. 

That  the  models  underpredicted  calculated  inten 
sity  (1,350  Btu/ft/sec)  is  not  as  significant  as  it  mighi 
appear.  First,  predictions  are  well  beyond  the  limil 
of  manual  control  (100  Btu/ft/sec)  and,  in  the  case  o: 
model  2,  approaching  the  limit  where  spotting  woulc 
be  expected  to  present  serious  control  problems  foi 
mechanical  equipment  (600  Btu/ft/sec,  Albini  1976) 
Second,  we  determined  that  7.3  tons  of  surface  fue! 
per  acre  were  consumed,  and  we  assumed  that  it  was 
all  consumed  by  the  fire  front.  Although  this  as> 
sumption  is  reasonable  for  the  Mack  Lake  Fire,  some 
undeterminable  portion  of  the  material  was  no  doubi 
consumed  after  the  flaming  front  passed.  Thus,  ac 
tual  fireline  intensity  was  somewhat  less  than  in 
dicated  in  table  6b.  Finally,  fuel  model  2  incorporates 
only  2.5  tons/acre  of  material  likely  to  be  consumec 
by  the  fire  front,  and  fuel  model  10  includes  3.3  tons 
acre.  Clearly,  doubling  or  tripling  fuel  loading  sig 
nificantly  increases  intensity. 

Once  a  fire  crowns,  the  timber  understory  models 
no  longer  apply.  The  closest  approximation  to  a  jact 
pine  crown  fire  is  obtained  with  model  4  (chaparral 
6  feet).  This  model  predicted  a  spread  rate  of  1.6  mi 
h,  24-foot  flame  lengths,  and  a  fireline  intensity  o 
6,000  Btu/ft/sec.  Considering  the  apparent  differ 
ences  between  jack  pine  and  chaparral,  this  is  a  sur 
prisingly  good  prediction  of  what  happened.  The 
higher  loading  of  1-  and  10-hour  and  live  fuels  ir 
the  chaparral  model  (14  tons/acre)  relative  to  jact 
pine  is  offset  by  a  tenfold  increase  in  foliage  bull 
density  (0.04  lbs/ft3,  Albini  1976).  Based  on  the  rel 
ative  magnitude  of  the  differences,  it  is  reasonable 
to  assume  that  the  much  lower  bulk  density  of  jacl 
pine  foliage  will  predominate,  resulting  in  fastei 
spread  rates  and  higher  intensities  for  jack  pine  crowr 
fires  than  are  predicted  by  the  chaparral  model.  Note 
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however,  that  using  a  windspeed  of  18  mi/h  (rather 
than  15)  yields  a  predicted  2  mi/h  spread  rate,  28- 
foot  flame  length,  and  a  fireline  intensity  of  9,000 
Btu/ft/sec. 

Convection  and  Spotting 

The  distinction  between  a  wind-driven  and  a  con- 
vective  fire  is  an  important  and  sometimes  critical 
fire  behavior  characteristic.  To  determine  which  pro- 
cess predominated  on  the  Mack  Lake  Fire,  we  ex- 
amined the  smoke  column  and  analyzed  the  energy 
balance  between  the  fire  and  the  wind  field. 
Throughout  much  of  the  afternoon,  the  smoke  col- 
umn rose  at  a  moderate  angle  (45°)  up  to  an  esti- 
mated altitude  of  5,000  feet.  The  middle  portion  rose 
at  a  steeper  angle  (60°)  to  an  estimated  10,000  feet. 
This  was  topped  by  an  apparent  cumulus  cloud  which 
we  estimated  topped  off  at  15,000  feet  (fig.  24).  In 
Oscoda  (35  miles  downwind  from  the  fire)  "a  definite 
wood  smoke  smell  in  the  air"  was  reported,  and  ash 
particles  Va  to  V2  inch  in  diameter  were  observed.7  A 
very  light  rain  fell  with  drops  "high  in  particulate 
matter."  (This  had  to  be  condensation  from  the  con- 
vection column  as  the  sky  was  otherwise  clear.)  The 
Au  Sable  River  near  Oscoda  was  "covered  with  ash" 
(several  visible  pieces  per  square  foot). 

Using  Byram's  (1959)  energy  balance  equations 
(Appendix  I),  we  determined  the  rate  of  flow  of  ki- 
netic energy  in  the  wind  field  (Pw)  and  the  rate  at 
which  thermal  energy  is  converted  to  kinetic  energy 
in  the  convection  column  (Pf).  Results  are  given  in 
table  7.  Byram  (1959)  states  "extreme  fire  behavior 
and  blowup  characteristics  occur  when  Pf  exceeds  Pw 
for  a  considerable  height  above  the  fire — usually  at 
least  1,000  feet  and  more,  often  greater  than  3,000 
or  4,000  feet." 

From  table  7,  Pf  exceeded  Pw  at  the  surface 
throughout  the  afternoon.  Because  Pw  is  proportional 
to  the  cube  of  the  windspeed,  however,  increasing 
windspeed  associated  with  increasing  altitude  nor- 
mally results  in  Pw  >  Pf  at  some  distance  above  the 
ground.  During  the  first  hour,  the  energy  parameters 
equalized  at  between  1,000  and  2,000  feet.  It  is  not 
known  whether  this  is  sufficient  height  for  devel- 
opment of  a  vertical  structure  with  free  convection. 
In  any  case,  the  35  mi/h  low-level  jet  overpowered 
the  convection  column  between  2,000  and  3,000  feet. 

For  a  brief  period  ( 1310-1325)  the  fire's  energy  was 
sufficient  to  overcome  that  of  the  wind  field.  It  was 
during  this  period  that  the  most  extreme  spread  rates 

1Grieve,  Gerald.  Fire  Control  Officer,  Michigan  De- 
partment of  Natural  Resources;  personal 
communication. 


Figure  24.  — Smoke  column  from  the  Mack  Lake  Fire. 
Photo  courtesy  of  Michigan  Department  of  Natural 
Resources. 

and  behavior  were  noted.  Although  visual  observa- 
tions of  the  convection  column  are  not  available,  we 
may  assume  that  true  blowup  conditions  prevailed. 
Starting  at  1400,  surface  windspeed  increased  to  15 
mi/h.  Most  likely,  turbulence  had  transferred  some 
of  the  momentum  of  the  low-level  jet  downward.  This 
resulted  in  Pw  =  Pf  at  altitudes  below  1,000  feet. 
Therefore,  for  the  remainder  of  the  day,  the  fire  was 
essentially  wind  driven  and  two  dimensional. 

The  initial  escape  east  of  Highway  33  spotted  225 
feet  from  the  prescribed  fire.  During  its  run,  the  fire 
was  observed  spotting  at  least  V*  mile  ahead  (front 
cover,  fig.  21).  Albini  (1979)  published  a  model  which 
predicts  spot  fire  distances  from  burning  trees.  Using 
jack  pine,  5-inch  d.b.h.,  25-foot  tree  height,  25  trees 
burning  simultaneously,  and  15  mi/h  windspeed,  his 
model  predicts  a  1/3-mile  maximum  spotting  dis- 
tance during  the  major  run.  Using  conditions  in  the 
vicinity  of  the  torching  trees  during  the  initial  es- 
cape west  of  Highway  33  (3-inch  d.b.h.,  15-foot  tree 
height,  five  trees  burning  and  10  mi/h  windspeed), 
the  model  predicts  a  1/10-mile  maximum  spotting 
distance.  Thus,  the  model's  spotting  predictions  are 
in  excellent  agreement  with  observations  on  the  Mack 
Lake  Fire. 
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Table  7.- 

— Wind  field  and  convection  column  energy  balance  for  the  Mack  Lake  Fire 

P  1 

Altitude 
where 

P,  =   Pw 

Interval 

Altitude  above  surface  (ft) 
P,1                0              1,000              2,000              3,000 

4,000 

1206-1222 
1222-1238 
1238-1310 
1310-1325 
1325-1600 
1600-1825 


12 

2 

57 

1 

85 

1 

208 

0 

45 

29 

16 

211 

9 
6 

5 

1 

248 

254 


147 
129 
119 
79 
134 
146 


156 
138 
127 
85 
143 
155 


86 
74 
67 
41 
78 
86 


1,100 
1,500 
1,800 

2900 
2200 


'ft-lb/sec/ft2. 

2Based  on  a  surface  windspeed  of  15  mi/h  after  1 400  (table  2)  and  assuming  a  linear  increase  to  2,000  feet. 


Although  even  a  Wmile-wide  fuel  break  might 
not  be  an  effective  fire  barrier  under  such  conditions, 
it  could  yield  several  fire  suppression  benefits,  par- 
ticularly if  composed  of  less  flammable  hardwood 
species.  It  could  reduce  rate  of  spread  and  intensity 
to  suppressible  levels  and  provide  a  relatively  safe 
area  from  which  to  make  a  stand.  In  some  areas,  the 
effective  width  of  a  break  could  be  increased  by  back- 
firing. Given  typical  spotting  distances,  however,  even 
wide  fuel  breaks  would  have  to  be  coupled  with  ex- 
tensive downwind  patrolling  to  insure  a  reasonable 
chance  of  holding  a  crown  fire. 

Horizontal  Roll  Vortices 

An  important  characteristic  of  the  Mack  Lake  Fire 
is  the  numerous  strips  of  unburned  (but  generally 
scorched)  tree  crowns  (fig.  15).  Wade  and  Ward  (1973) 
noted  similar  unburned  crown  patterns  on  the  Air 
Force  Bomb  Range  Fire  and  the  Exotic  Dancer  Fire 
in  South  Carolina.  They  summarized  existing  hy- 
potheses about  possible  causes  of  the  patterns: 

1.  A  fluctuating  wind  direction  could  result  in  de- 
creased intensity  along  one  flank  and  increased 
intensity  along  the  other.  This  could  result  in  al- 
ternate backing  and  flanking  behavior.  (On  the 
Mack  Lake  Fire,  repeated  shifts  of  160°  would 
have  been  needed  to  account  for  the  physical  evi- 
dence. No  such  shifts  in  ambient  wind  direction 
were  observed.) 

2.  Windspeed  could  periodically  decrease  to  less  than 
that  necessary  to  sustain  a  crown  fire.  (There  is 
no  evidence  of  significant  ambient  windspeed  lulls 
during  the  fire's  run,  nor  would  this  account  for 
opposite  spreading  fires.) 

3.  A  two-dimensional,  wind-driven  fire  (Pw  >  Pf)  could 
advance  rapidly  into  new  fuels,  increase  in  inten- 
sity, and  become  three  dimensional  (Pf  >  Pw).  As 
the  fuel  burns  out,  Pf  is  reduced  and  the  wind 
again  drives  the  fire.  This  requires  that  the  fire 
act  as  a  unit.  (We  do  not  believe  that  this  process 
could  account  for  several  continuous  4-  to  7-mile- 


long  unburned  crown  strips  noted  on  the  Mack 
Lake  Fire.) 
4.  Spotting  ahead  of  the  fire  would  result  in  second- 
ary fires  which,  as  they  backed  into  the  main  fire, 
would  increase  in  intensity.  (Although  this  could 
account  for  random  pockets  of  unburned  fuels,  it 
could  not  account  for  the  regular  banding  pattern.) 

Because  existing  hypotheses  could  not  completely 
account  for  the  physical  evidence  found  on  the  Mack 
Lake  Fire,  we  propose  an  alternate  hypothesis.  The 
evidence  is  strong  that  unburned  crown  strips  result 
from  downward-moving  streams  of  air  (fig.  25).  The 
latter  are  likely  the  result  of  horizontal  roll  vortices 
(HRV),  a  form  of  Benard  cell  (fig.  26).  Such  cells  are 
well  documented  in  the  atmosphere.  They  produce 
cloud  "streets"  in  the  atmosphere  (Kuettner  1959) 
and  long  parallel  systems  of  sand  dunes  in  deserts 
(Bagnold  1952).  The  cell  has  been  described  as  hel- 
ical in  the  atmosphere,  but  it  is  believed  that  the 
same  air  or  entrained  particles  will  make  repeated 
rotations. 


10m   to   200m 


Figure  25. — Hypothesized  action  of  strong  do  wndraft 
of  air  resulting  from  horizontal  roll  vortex.  The 
downward  moving  stream  of  air  could  contain  fire- 
brands that  would  start  a  line  of  spot  fires  that 
would  be  blown  in  opposite  directions. 
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Figure  26. — Simplified  hypothetical  cross  section  of 
a  single  horizontal  roll  vortex,  suggesting  possible 
entrainment  of  outside  air.  There  is  also  an  upward 
flow  due  to  buoyant  forces,  which  may  mask  the 
vortex  circulation.  The  exact  location  of  the  vortex 
relative  to  the  fire  perimeter  is  not  known. 
In  a  crown  fire,  the  vortex  should  form  in  the  shear 
zone  between  the  ambient  wind  and  the  convective 
updraft  along  the  edge  of  the  fire  (fig.  27).  Although 
the  vortex  should  appear  as  a  horizontal  smoke  roll 
along  the  fire's  flanks,  the  exact  location  of  the  vortex 
relative  to  the  fire  perimeter  is  not  known.  We  ex- 
amined video  tapes  of  the  Mack  Lake  Fire  smoke 
column8  and  found  what  appeared  to  be  two  hori- 
zontal roll  vortices.  We  estimated  one  on  the  north- 
ern flank  to  be  2  miles  long  and  lA  mile  wide,  but 
poor  viewing  angle  and  lack  of  ground  definition  pre- 
cluded estimates  of  the  dimensions  of  the  second  vor- 
tex on  the  southern  flank. 

Countryman  (1968)  found  downward  air  motion 
over  a  fire,  although  the  pattern  of  vertical  flow  was 
not  well  organized.  Chandler  et  al.  (1963)  noted  that 
several  observations  have  been  recorded  of  wind 
blowing  outward  from  large  fires.  Schaefer  (1957) 
described  a  large  counterclockwise-rotating  (looking 
downstream)  Benard  cell  1  mile  in  diameter  that 
acted  as  a  lateral  spread  mechanism  on  the  1956 
Dudley  Lake  Fire  in  Arizona.  The  smoke-outlined 
cell  was  reported  to  have  remained  as  a  coherent 
mass  300  miles  downwind  from  the  fire.  We  exam- 
ined film  from  the  Dudley  Lake  Fire  which  clearly 
showed  a  circulating  air  flow,  including  downward 
movement.  Recently,  Luti  (1980)  demonstrated  that 
the  k-e  2-equation  turbulence  model  yields  a  hori- 
zontal circulating  air  pattern  as  a  dominant  feature 
along  the  forward  and  rear  perimeters  of  a  mass  fire. 


^Provided  by  television  station  WBKB-TV,  Alpena, 


MI. 


Figure  27.  —  View  (looking  down)  of  a  fire  acting  as 
a  single  unit,  indicating  location  of  shear  zone  along 
perimeter  (from  Countryman  1968). 

All  postfire  observations  and  evidence  support  the 
HRV  hypothesis.  Some  strips  are  isolated  and  nar- 
row (fig.  28  (top),  foreground)  and  some  are  broad 
and  grouped  (fig.  28  (top),  background),  with  green 
crown  foliage  visible  in  the  center.  The  width  of  in- 
dividual strips  varies  from  30  to  650  feet.  Most  strips 
were  reasonably  straight  but  a  few  curved  inward 
toward  the  direction  of  major  fire  activity  (fig.  28 
(bottom)).  When  viewed  from  the  air,  one  side  of  many 
strips  was  irregular,  implying  a  fire  in  the  early  stages 
of  crowning,  while  the  opposite  side  appeared  smooth, 
suggesting  a  well-developed  crown  fire  (figs.  22,  28 
(top)). 

The  unburned  crown  strips  were  most  often  par- 
allel, although  clusters  of  strips  diverged  (usually 
near  the  fire's  origin)  or  converged  (usually  near  the 
fire's  termination — fig.  15).  Distance  between  par- 
allel strips  ranged  from  150  to  2,800  feet.  The  un- 
burned tree-crown  strips  crossed  roads  and  gently 
rolling  terrain,  while  essentially  maintaining  their 
identity,  often  for  2  to  4  miles,  and  in  one  case,  over 
7  miles. 

Tree  trunk  scorch  height  resulting  from  wildland 
fires  is  highest  on  the  downwind  side.  Ground  ex- 
amination of  the  understory  in  the  unburned  crown 
strips  invariably  disclosed  the  low-charred  sides  of 
tree  trunks  facing  each  other.  The  char  pattern  was 
generally  less  evident  in  the  direction  toward  which 
the  fire  was  spreading  (fig.  29  (top))  than  in  the  di- 
rection from  which  the  fire  had  come  (fig.  29  (bot- 
tom)). Char  height  was  generally  1  to  3  feet  high  on 
the  inside  of  the  tree  trunks  and  5  to  10  feet  on  the 
opposite  side  (160°  apart).  This  implies  that  the  fire 
spread  in  opposite  directions  with  some  forward 
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Figure  28.  —  Unburned  narrow,  isolated  crown  strips 
showing  smooth  and  ragged  edge  (foreground). 
Broad,  grouped  strips  can  also  be  seen  (back- 
ground) (top).  Unburned  tree  crown  strip  with  in- 
ward curve  (bottom). 

movement.  This  would  be  consistent  with  a  down- 
ward moving  stream  of  air  carrying  embers  from  the 
main  fire  and  igniting  a  secondary  fire  that  spread 
in  both  directions,  pushed  by  winds  spreading  out- 
ward from  the  air  stream  as  it  reached  the  ground. 
In  one  narrow  strip,  trees  with  scorch  on  opposite 
sides  were  only  2  feet  apart.  More  typically,  they 
were  5  to  10  feet  apart.  The  line  of  opposing  spread 
was  generally  located  from  one-fourth  to  one-third 
the  width  of  the  strip  from  the  apparently  more  in- 
tense (smooth)  side.  In  wide  strips,  there  was  often 
no  charring  along  the  center  line;  even  needles  a  few 
inches  above  the  ground  were  unscorched.  These  un- 
derstory  patterns  were  found  along  the  entire  length 
of  all  strips  examined. 

When  the  strip  and  understory  pattern  became 
disorganized,  we  invariably  found  that  it  had  re- 
formed within  a  short  distance  and  concluded  that 
it  had  changed  for  one  of  two  reasons: 
1.  A  single  strip  had  re-formed  into  two  or  more 
strips,  or  multiple  strips  had  re-formed  into  single 
strips.  This  was  always  accompanied  by  a  change 


Figure  29. — View  of  line  of  opposite  spread  in  ar 
unburned  tree  crown  strip  (looking  in  the  directior 
of  fire  spread)  (top).  Note  less  charring  visible  or 
opposite  side  of  tree  stems  than  in  bottom  view 
View  of  line  of  opposite  spread  in  an  unburned  tret 
crown  strip  (looking  in  the  direction  from  whic) 
the  fire  is  coming)  (bottom).  Note  more  charring 
visible  on  opposite  side  of  tree  stems  than  in  toy 
view. 

in  the  overhead  tree-crown  pattern  in  conform 
ance  with  ground  evidence. 
2.  The  strip  stopped  200  to  300  feet  upwind  of  ai 
intersecting  road.  We  usually  found  the  re-forme< 
strip  and  understory  pattern  50  to  80  feet  on  th< 
other  side  of  the  road. 
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In  one  instance,  a  strip  moved  from  conifers  to 
hardwoods.  Even  though  there  was  no  crowning  in 
the  latter,  the  uncharred  center  line  continued  along 
a  sidehill  200  feet  long,  with  a  25°  slope,  about  150 
feet  from  the  bottom.  The  pattern  indicated  that  along 
the  length  of  this  hill,  the  fire  burned  downslope 
below  the  strip  and  upslope  above  the  strip.  .In  an- 
other instance,  when  a  strip  crossed  a  small  depres- 
sion 20  feet  deep  by  100  feet  across,  the  ground  sur- 
face pattern  was  "lost"  in  the  depression,  but  "found" 
again  on  the  other  side. 

We  examined  the  unburned  crown  strip  that  formed 
along  the  tractor/plow  line  where  the  fatality  oc- 
curred. The  edge  was  smooth  on  the  fire  side  and 
ragged  on  the  opposite  side  (fig.  22).  The  center  line 
was  offset  about  Vb  of  the  distance  from  the  fire  side 
of  the  strip.  The  strip  extended  1,000  feet  beyond  the 
point  where  the  control  line  was  abandoned  and  curved 
inward  toward  the  fire.  These  features  indicate  that 
this  strip  was  formed  by  the  same  process  as  the 
others.  In  this  strip,  we  found  a  2-  to  3-foot-wide 


irregular  line  of  unburned  material  resulting  from 
the  tanker  spray  pattern.  This  unburned  line  was 
20  to  30  feet  outside  the  unburned  center  line  of  the 
strip. 

On  the  1977  Bass  River  Fire  in  New  Jersey,  an 
abandoned  vehicle,  near  which  four  firefighters  were 
trapped,  was  on  the  southwest  side  of  an  unburned 
tree  crown  strip  (fig.  30).  The  main  fire  was  spreading 
southeastward  and  the  strip  was  along  the  south- 
western flank  of  the  fire.  Although  in  documenting 
the  fire,  Brotak  (1976)  concentrates  on  "blowup"  con- 
ditions, his  description  of  specific  conditions  associ- 
ated with  the  fatality  are  identical  to  those  of  Mack 
Lake.  He  states: 

...  it  appears  as  if  the  wind  shifted  from 
the  northwest  to  the  northeast  during  a 
part  of  the  fire's  run.  This  is  believed  to 
be  responsible  for  trapping  the  men . . .  this 
would  have  turned  the  flank  of  the  fire  to 
the  north  of  the  truck  into  a  head  fire 
quickly  spreading  to  the  southwest. 


Figure  30. — Aerial  view  of  part  of  1977  Bass  River  Fire  in  New  Jersey— looking  northwest. 
Abandoned  vehicle  can  be  seen  in  center.  Photo  courtesy  of  New  Jersey  Department  of  En- 
vironmental Protection. 


27 


Figure  30  clearly  indicates  that  the  90°  wind  shift 
must  have  been  localized,  because  the  pattern  of  un- 
burned tree  crowns  does  not  change  before  or  after 
the  reported  shift.  Thus,  the  evidence,  although  not 
conclusive,  points  toward  horizontal  roll  vortices  as 
the  cause  of  the  four  men  being  trapped  on  the  Bass 
River  Fire. 

The  upper-left  photograph  on  the  back  cover  is  a 
view  of  the  southwest  flank  of  the  Mack  Lake  Fire, 
looking  north  along  Forest  Service  Road  4457  (just 
north  of  4461).  Although  the  fire  was  spreading 
southeastward  at  the  time  that  the  photograph  was 
taken,  the  flames  are  clearly  tilting  toward  the 
southwest — an  identical  situation  to  that  described 
by  Brotak  ( 1976).  This  would  be  consistent  with  flames 
being  driven  by  the  outdraft  of  a  horizontal  roll  vor- 
tex along  the  flank. 

Haines  (1982)  compiled  information  from  a  dozen 
fires  across  the  United  States,  Canada,  and  Aus- 
tralia, in  fuel  types  ranging  from  sawgrass  to  mature 
timber,  where  unburned  strips  of  fuels  were  reported. 
Several  fires  (Fletcher  Road  in  Michigan,  Bomb  Range 
in  North  Carolina,  and  Bass  River  in  New  Jersey) 
revealed  not  only  unburned  crown  strips  similar  to 
those  at  Mack  Lake  but  also  concentric  ellipsoidal 
bands  around  the  entire  fire  perimeter  in  the  early 
stages.  Haines  (1982)  also  demonstrated  that  the  ex- 
istence of  horizontal  roll  vortices  in  conjunction  with 
crown  fires  is  consistent  with  existing  theories  of 
heat  transfer  and  fluid  dynamics. 

Additional  research  is  needed  to  confirm  or  refute 
the  hypotheses  stated  here.  Several  questions  must 
be  answered. 

•  How  does  a  vortex  form? 

•  What  combinations  of  wind,  fire  size,  and  intensity 
result  in  horizontal  roll  vortices? 

•  What  combinations  of  wind,  fire  size,  and  intensity 
permit  patterns  to  curve  around  the  head  of  a  fire? 

•  Is  there  a  maximum  topographic  irregularity  above 
which  a  horizontal  roll  vortex  will  not  form? 

•  Do  multiple  adjoining  vortices  form  as  they  do  in 
the  atmosphere,  or  is  this  a  single  vortex 
phenomenon? 

•  Is  the  mechanism  that  forms  a  single  large  vortex 
the  same  as  that  which  forms  bands  in  conifer 
crown  fires  or  bands  in  grass  fires? 

Necessary  field  observations  include: 

•  Photographic  documentation  of  horizontal  roll 
vortices,  including  ground  reference  for  scaling. 

•  Aerial  photographs  of  burned  areas  before  scorched 
foliage  drops  to  the  ground. 


•  Observations  and  documentation  of  the  line  of  op 
posite  spread  in  crown  strips,  particularly  alon 
the  forward  perimeter  of  a  fire. 

•  Meteorological  and  topographic  features  relate 
to  the  fire. 

FIRE  EFFECTS 

The  Mack  Lake  Fire  took  a  heavy  toll.  One  fin 
fighter  lost  his  life.  Losses  from  the  destruction  ( 
private  property  will  probably  exceed  2  million  do 
lars  when  all  claims  are  settled.  Timber  losses  wer 
estimated  at  2  million  dollars  and  watershed  an 
recreation  losses  at  $166,000.  On  the  positive  side 
range  and  wildlife  values  increased  by  $125,000.9 

Site  Effects 

The  depth  of  burn  was  very  shallow  {V*  to  V2  inch 
In  all  areas  except  under  the  slash  piles,  V2  to  1  inc 
of  duff  remained  after  the  fire.  Due  to  the  exceller 
insulating  properties  of  duff,  it  is  unlikely  that  an 
significant  temperature  increase  occurred  in  the  soi 
Therefore,  soil  micro-organisms  were  likely  not  sig 
nificantly  affected  by  the  fire.  The  remaining  duf 
coupled  with  essentially  flat  topography,  should  e: 
fectively  prevent  soil  erosion,  and  the  only  effect  0 
the  soil  should  be  an  increase  in  nutrients  for  2  t 
3  years. 

One  season  after  the  fire,  the  hardwood  specie 
(primarily  oak  and  aspen)  had  resprouted  vigorousl; 
indicating  little  root  damage.  In  the  first  year,  aspe 
sprouts  were  2  to  7  feet  high  and  oak  sprouts  ofte 
equaled  the  height  of  the  plants  prior  to  the  fire  ( 
to  4  feet).  Thus,  wherever  understory  oak  was  pres 
ent  in  the  jack  pine  stands,  the  fire  acted  as  a  n 
leasing  agent.  Similarly,  most  of  the  herbs  and  wood 
shrubs  present  prior  to  the  fire  had  resprouted  vi£ 
orously.  Finally,  the  usual  assortment  of  pioneer  spc 
cies,  such  as  fireweed  (Erechtites  hieracifolia)  an 
pin  cherry  (Prunus  pensylvanica) ,  were  relativel 
abundant.  In  general,  plant  cover  was  quickly  r€ 
established  on  virtually  all  of  the  burned  area.  Ac 
ditional  research  is  currently  underway  to  documen 
the  response  of  the  plant  communities  to  the  fire. 

In  the  hardwood  stands,  effects  on  the  overstor 
ranged  from  100  percent  mortality  adjacent  to  area 
where  the  fire  was  crowning  in  jack  pine  to  virtuall 
no  effect  where  the  fire  gradually  died  out  durin 
the  night.  Many  of  the  trees  that  were  top-kille 
have  resprouted.  Consequently,  the  new  stand  wi! 
likely  contain  a  high  percentage  of  coppice  growth 

9Data  obtained  from  the  Mack  Lake  Individua 
Forest  Fire  Report,  Form  5100-29. 
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One  week  after  the  fire,  10  seed  count  samples 
were  taken  in  the  burned  area.  Seeds  were  found  on 
nine  plots  and  the  exception  had  no  trees  of  seed- 
bearing  age  within  a  reasonable  distance.  On  the 
nine  plots  with  seeds,  the  counts  averaged  300,000/ 
acre,  with  a  range  of  90,000  to  1,000,000.  Riley  (1975) 
states  that  20,000  viable  seeds  per  acre  are  necessary 
for  adequate  stocking.  Data  summarized  by  McRae 
(1979)  indicate  that  jack  pine  seed  viability  averages 
50  percent.  Thus,  40,000  seeds/acre  should  provide 
adequate  stocking.  Wherever  seeds  fell  following  the 
fire,  the  number  appears  to  be  more  than  adequate 
to  regenerate  the  stand.  Chrosciewicz  (1974)  rates  a 
postburn  duff  depth  of  less  than  1  inch  as  high  qual- 
ity in  terms  of  seedling  survival.  Because  most  of 
the  fire  area  fits  this  class,  there  is  every  reason  to 
expect  good  reproduction  wherever  a  seed  source  is 
available. 

Because  initial  conditions  for  reproduction  were 
ideal,  the  primary  limiting  factor  is  postburn  rain- 
fall. Five  rain  gauges  were  located  across  the  burned 
area  and  rainfall  data  obtained  for  the  growing  sea- 
son (May  to  September).  Rainfall  for  the  5-month 
period  averaged  16.3  inches  (normal  =  14.4  inches), 
with  a  range  of  15.1  to  17.8  inches  between  the  five 
rain  gauges.  Thus,  all  areas  of  the  fire  received  be- 
tween 5  and  19  percent  above  average  rainfall  for 
the  first  growing  season.  Only  1  month  (August)  was 
significantly  below  average  (-2.2  inches),  but  even 
then,  no  more  than  2  weeks  elapsed  between  signif- 
icant precipitation.  Therefore,  immediate  postfire 
conditions  were  favorable  for  survival  of  jack  pine 
seedlings. 

Casual  observation  at  the  end  of  the  first  growing 
season  indicated  that  optimistic  expectations  might 
be  realized  and  that  a  dense  stand  of  jack  pine  seed- 
lings was  likely  to  become  established  over  much  of 
the  burned  area.  Three  plots  had  an  average  of  9,000 
seedlings/acre,  with  a  range  of  2,000  to  17,000.  On 
the  assumption  that  reforestation  will  occur,  the  Mack 
Lake  Fire  may  have  created  what  in  10  years  will 
be  10,000  to  15,000  acres  of  prime  habitat  for  the 
endangered  Kirtland's  warbler. 

CONCLUSIONS 

1.  The  Mack  Lake  Fire  was  not  unique.  Five  other 
fires  in  excess  of  10,000  acres  have  occurred  in 
the  Mack  Lake  area  since  1820.  The  average 
interval  between  major  jack  pine  crown  fires  is 
28  years.  Large  crown  fires  will  continue  to  be 
an  intermittent  fact  of  life  in  jack  pine  forests. 


2.  In  northern  Lower  Michigan,  the  spring  fire  sea- 
son appears  to  be  typified  by  wide  fluctuations 
in  fire  danger.  Ninety  percent  of  the  days  are 
either  low  or  high,  with  less  than  10  percent  in 
between.  Periods  of  moderate  fire  weather  ap- 
propriate for  prescribed  burning  rarely  last  more 
than  1  day.  This  complicates  the  prescribed 
burning  planning  process. 

3.  The  Mack  Lake  Fire  occurred  just  6  days  after 
xh  inch  of  rain  fell.  Only  a  slight  precipitation 
deficit  was  recorded  during  the  4  months  pre- 
ceding the  fire.  It  is  clear  that  drought  is  not 
necessary  for  a  major  spring  crown  fire  in  jack 
pine.  During  the  last  4  days  of  the  drying  period, 
relative  humidity  at  1300  ranged  from  19  to  28 
percent. 

4.  Horizontal  roll  vortices  may  be  a  common  mech- 
anism of  lateral  crown  fire  spread.  If  they  form, 
they  are  a  safety  hazard  for  crews  working  on 
the  flanks  of  crown  fires.  Further  research  into 
this  phenomenon  will  be  needed  before  the  pro- 
cesses involved  are  understood  and  procedures 
for  predicting  the  occurrence  of  horizontal  roll 
vortices  can  be  developed. 

5.  There  are  many  large,  relatively  flat  areas  where 
jack  pine  predominates.  Once  a  crown  fire  begins 
to  run  in  this  timber  type,  large-scale  fire 
suppression  efforts  are  needed.  Fuel  breaks, 
composed  of  less  flammable  hardwood  species  or 
widely  spaced  trees,  could  yield  important  fire 
suppression  benefits  such  as  reducing  rate  of 
spread  and  intensity,  increasing  firefighter  safety, 
and  providing  an  opportunity  to  make  a  stand. 

6.  The  moisture  content  of  old  jack  pine  foliage  is 
at  a  minimum  during  the  onset  of  new  growth 
in  the  spring.  This  increases  crowning  potential 
and  may  result  in  crown  fire  spread  rates  twice 
those  encountered  in  the  fall.  These  changes 
should  be  incorporated  into  fire  management 
planning. 

7.  Several  conditions  contributed  to  the  escape  of 
the  prescribed  fire: 

•  Spotting  from  slash  piles. 

•  Irregular  groups  of  uncut  trees  adjacent  to  the 
prescribed  fire  area. 

•  Locating  the  control  line  near  the  top  of  a  25- 
percent  slope. 

•  High  windspeed  (15-plus  mi/h). 

•  Low  relative  humidity  (21  percent). 

•  Low  fine-fuel  moisture  (7  percent). 

8.  The  transition  from  prescribed  burning  to  wild- 
fire control  is  critical.  Subsequent  spot  fires  can 
threaten  initial  attack  crews.  Since  confusion  is 
possible  when  an  escape  is  attacked,  it  is  im- 
portant that  the  transition  be  planned  in  advance. 
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9.  In  jack  pine,  a  fire  can  develop  from  an  initial 
spot  to  a  running  crown  fire  in  as  little  as  10 
minutes  and  to  project  size  in  20  minutes.  This 
requires  a  rapid  change  in  perspective  by  fire 
management  personnel  at  all  levels.  Firefight- 
ers may  have  to  shift  from  building  line  to  es- 
caping; dispatchers  from  moving  crews  to  or- 
dering overhead  teams  and  fire  camps;  and  the 
fire  boss  from  control  to  community  evacuation. 
Every  member  of  an  organization  must  imme- 
diately recognize  the  changed  situation  and  take 
appropriate  action. 

10.  The  average  rate  of  spread  of  the  Mack  Lake 
Fire  (2  mi/h)  was  similar  to  that  of  other  fast- 
moving  crown  fires.  The  maximum  rate  of  spread 
(6  to  8  mi/h)  equals  the  fastest  recorded  rate  for 
which  we  had  data. 

11.  During  the  fire's  major  run,  average  fireline  in- 
tensity (8,800  Btu/ft/sec)  was  similar  to  that  for 
other  major  crown  fires.  The  1-hour  maximum 
fireline  intensity  (15,500  Btu/ft/sec)  was  less  than 
that  for  three  major  fires  for  which  we  had  data. 
The  15-minute  peak  intensity  (29,500  Btu/ft/sec) 
may  have  approximated  an  upper  limit  for  mov- 
ing crown  fires. 

12.  The  number  of  permanent  and  seasonal  resi- 
dences in  and  adjacent  to  wild  land  areas  is  in- 
creasing. Noting  that  two  out  of  three  homes  in 
Mack  Lake  did  not  burn,  an  expanded  program 
should  be  developed  to  explain  to  homeowners 
the  potential  for  wildfire  damage  and  how  to 
locate  and  landscape  their  homes  to  prevent  loss. 

Fire  is  an  important  and  in  some  cases  essential 
land  management  tool.  It  can  also  be  terribly  un- 
forgiving of  human  error.  Considerable  skill  and 
knowledge  is  required  to  successfully  walk  what  is 
often  a  narrow,  winding  path  between  accomplishing 
land  management  objectives  and  reducing  the  risk 
of  adverse  consequences.  A  potentially  explosive  fuel 
type  such  as  jack  pine  only  serves  to  exacerbate  the 
situation. 

Fire  is,  however,  controlled  by  fixed  physical  laws. 
Careful  analysis  generally  reveals  that  what  often 
appears  as  erratic  behavior  is  related  to  known 
(though  often  incompletely  understood)  physical  pro- 
cesses. We  hope  that  this  analysis  has  contributed 
to  an  increased  understanding  of  these  processes.  It 
is  important  that  we  not  only  learn  from  experience, 
but  that  we  also  maintain  a  public  and  private 
awareness  of  fire's  potential  in  jack  pine  so  that  we 
can  avoid  a  repetition  of  the  Mack  Lake  Fire  of  1980. 
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APPENDIX  I. 
MEASURING  THE  FIRE 

Fire  Geometry 

For  the  spot  fire  west  of  Highway  33,  perimete 
and  area  were  scaled  from  a  map.  The  final  area  wa 
also  scaled  from  a  map  and  the  final  perimeter  wa 
obtained  from  the  fire  analysis  report  (USDA  Fores 
Service  1980).  For  intermediate  areas,  the  perimete 
and  area  were  calculated  by  assuming  an  elliptic* 
shape  with  the  major  axis  equal  to  the  distance  b( 
tween  the  fire's  forward  position  and  the  rear  of  th 
fire.  The  minor  axis  was  equated  with  the  estimate 
width  of  the  fire  at  each  observation.  Before  the  win 
shift,  the  length  of  head  was  assumed  to  equal  th 
minor  axis.  After  the  wind  shift,  the  head  length  wa 
estimated  from  a  map.  Greater  precision  in  calcv 
lating  perimeter  and  length  of  head  was  not  wai 
ranted,  given  the  available  data.  Because  this  pr< 
cedure  does  not  incorporate  irregularities,  i 
underestimates  the  actual  perimeter. 

We  estimate  that  at  1325  the  fire  was  4  miles  Ion 
and  1.5  miles  wide,  yielding  a  length  to  width  rati 
of  2.7:1.  Equations  developed  by  Anderson  (in  press 
predict  a  5.4:1  ratio  with  a  15  mi/h  mid-flame  wine 
speed.  Wind  direction  variability  (not  incorporate 
in  Anderson's  model)  would  decrease  the  foi 
ward:flank  spread  ratio.  Horizontal  roll  vortices  woul 
increase  observed  lateral  spread  beyond  what  woul 
normally  be  expected  (thereby  further  decreasing  th 
ratio).  A  simpler  model  developed  by  Simard  an 
Young  (1978)  predicts  a  1.9:1  ratio  under  the  sam 
conditions. 


Rate  of  Spread 


Rate  of  spread  was  determined  by  dividing  th 
distance  traveled  between  successive  reports  of  th 
fire's  forward  position  by  the  time  interval  betwee 
the  reports.  Some  reports  were  obtained  from  th 
district  log  book  and  some  were  based  on  estimate 
made  by  observers. 

Fireline  Intensity 

Byram  (1959)  gives  a  formula  for  fireline  intensity 
I  =  hwr  (1 

where  I    =  fireline  intensity  (Btu/fVsec), 
h   =  heat  value  of  the  fuel  (Btu/lb), 
w  =  weight  of  fuel  consumed  (lbs/ft2),  an 
r    =  rate  of  spread  (ft/sec). 
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In  using  (1)  we  assumed  that  all  of  the  fuel  was 
consumed  in  the  flaming  front.  Although  this  over- 
estimates intensity  to  some  extent,  there  is  no  re- 
liable method  for  separating  fuel  consumed  by  the 
fire  front  from  that  consumed  afterward.  We  felt  that 
for  the  Mack  Lake  Fire,  the  resulting  error  would 
be  relatively  small. 

Energy  Release 

The  total  energy  released  by  the  fire  front  per  unit 
of  time  is: 


t/f  —  If  Lf 


(2) 


where  Ef  =  frontal  energy  release  rate  (Btu/sec), 
If    =  fireline  intensity  at  the  front  (Btu/ft/ 

sec),  and 
Lf  =  length  of  the  fire  front  (ft). 
Although  the  fire  front  is  generally  less  than  one- 
fourth  of  the  total  perimeter,  most  of  the  fire's  energy 
will  be  released  at  the  front  due  to  its  high  fireline 
intensity  relative  to  the  remainder  of  the  perimeter. 

The  total  energy  released  by  the  fire  can  be  de- 
termined by: 

Et  =  43,560  hwa  (3) 

where  Et  =  total  energy  released  by  the  fire  (Btu) 
and 
a    =  fire  area  (acres). 
Dividing  E,  by  the  time  interval  over  which  it  is 
measured  yields  the  total  energy  release  rate  per 
unit  time. 


Residence  Time 

The  length  of  time  that  a  fuel  particle  will  con- 
tinue to  burn  was  given  by  Anderson  (1969): 

Tr  =  8d  (4) 

where  Tr  =  flaming  residence  time  (minutes),  and 
d    =  fuel  particle  diameter  (inches). 
For  the  Mack  Lake  Fire,  little  woody  material  in 
excess  of  Va  inch  was  consumed.  Thus,  typical  resi- 
dence time  was  2  minutes. 

Heat  Value 

Hough  ( 1969)  gives  low  heat  of  combustion  values 
of  various  components  of  jack  pine  and  aspen  fuel 
complexes  (table  8).  These  were  adjusted  for  heat 
losses  due  to  vaporization  of  fuel  moisture.  Weighted 
average  heat  of  combustion  for  jack  pine  (7,900  Btu/ 
lb)  and  hardwood  (7,370  Btu/lb)  fuel  complexes  were 
obtained.  The  dense,  black  smoke  emitted  by  the 
Mack  Lake  Fire  (front  and  back  cover  photos)  indi- 
cates incomplete  combustion,  as  is  typical  of  large 
fires.  Therefore,  using  data  from  Byram  (1959),  an 
incomplete  combustion  heat  value  reduction  was  es- 
timated for  jack  pine  surface  fuels  (12  percent)  and 
foliage  (28  percent).  The  weighted  average  reduction 
(14  percent)  gave  a  heat  of  combustion  of  6,820  Btu/ 
lb  for  the  jack  pine  fuel  complex.  For  aspen,  with  a 
less  intense  surface  fire,  a  reduction  of  6  percent 
yielded  a  value  of  6,930  Btu/lb  of  fuel.  Finally,  an 
average  radiation  loss  of  800  Btu/lb  (Byram  1959) 
gives  a  heat  yield  (h)  of  approximately  6,000  Btu/lb 
for  jack  pine  and  6,100  Btu/lb  for  the  hardwood  fuel 
complex.  The  latter  values  were  used  for  all  intensity 
calculations. 


Table  8. — Heat  of  combustion  value  of  fuels  consumed  by  the  Mack  Lake  Fire 


Low  heat 
value 


Average 
moisture 
content2 


Heat  loss  to 
vaporization 


Fuel 
consumed3 


Weighted 

average 

heat  value 


Jack  pine  needles 
Jack  pine  twigs 
Jack  pine  litter4 
Jack  pine  dutf 

Aspen,  oak  litter 
Aspen  duff5 
Aspen  twigs 


Btu/lb' 

Percent 

Percent 

8,575 

120 

1,165 

0.28 

8,707 

15 

145 

.13 

8,657 

10 

97 

.24 

7,857 

25 

242 

.35 
1.00 

7,952 

10 

97 

.304 

7,280 

25 

242 

.61 

8,150 

15 

145 

.09 

Btu/lb 


7,908 


7,371 


1.00 


'Data  from  Hough  (1969).  Corrected  for  ash  content  and  vaporizing  water  of  reaction. 

Estimated  average  for  all  material  consumed. 

3Fromtables4and5. 

'Includes  shrubs  and  herbs. 

Estimate  based  on  average  increase  in  ash  content  for  other  species. 
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Fuel  Consumption 

We  distinguished  four  fuel  consumption  rates.  In 
the  prescribed  burn  area  (1024-1206)  fuel  consump- 
tion was  26  tons/acre  (w  =  1.2  lbs/ft2).  Between  1206 
and  1222  the  fire  burned  on  the  ground  in  a  jack 
pine  stand.  From  table  4a,  fuel  consumption  without 
crown  foliage  was  7.3  tons/acre  (w  =  0.34  lbs/ft2). 
Between  1222  and  1825,  20,000  acres  were  burned. 
We  assumed  that  all  the  non-hardwood  stands  (17,720 
acres — table  3)  were  burned  during  this  period.  Thus, 
2,280  acres  of  hardwood  were  also  burned  during  the 
same  period.  Based  on  that  assumption  and  data 
from  table  3,  the  weighted  average  fuel  consumption 
between  1222  and  1825  was  10.5  tons/acre  (w  =  0.48 
lbs/ft2).  We  assumed  that  the  fire  burned  only  in 
hardwood  stands  after  1825  consuming  14.6  tons/ 
acre  (w  =  0.67  lbs/ft2). 

Energy  Balance 

Byram  (1959)  gives  equations  for  comparing  the 
energy  flow  rate  of  the  wind  with  the  rate  at  which 
thermal  energy  is  converted  to  kinetic  energy.  For  a 
neutrally  stable  atmosphere: 

p  (v  -  r)3 


P„  = 


2g 


(5) 


where  P„ 


the  rate  of  flow  of  kinetic  energy  in  the 

wind  field  at  height  z  above  the  fire  (ft- 

lb/sec/ft2), 
p     =  air  density  at  height  z  (lb/ft3), 
v     =  windspeed  at  height  z  (ft/sec), 
r     =  forward  rate  of  spread  of  the  fire  (ft/sec), 

and 
g     =  acceleration  of  gravity  (ft/sec2). 

Pf  =  Cp  (T0  +  459)  (6) 

where  Pf   =  the  rate  at  which  thermal  energy  is  con- 
verted to  kinetic  energy  in  the  convec- 
tion column  of  a  fire  (ft-lb/sec/ft2), 
I     =  fireline  intensity  (Btu/sec/ft), 
Cp  =  specific  heat  of  air  at  constant  pressure 

(Btu/lb/°F),  and 
T0  =  air  temperature  at  the  surface  (°F). 

The  following  values  were  used  to  calculate  Pw  and 
Pf  in  table  7. 


Altitude  (ft) 

P 

V 

surface 

0.0765 

13 

r  -  table  6a 

1,000 

.0743 

20 

g  =  32 

2,000 

.0721 

51 

I  -table 6b 

3,000 

.0706 

53 

Cp  =  0.24 

4,000 

.0679 

44 

T0  =  80 

APPENDIX  II. 
COMPARING  FIRE-DANGE] 
RATING  SYSTEMS 

Fire  danger  can  be  defined  as  an  assessment 
the  expected  occurrence,  rate  of  spread,  and  intensi 
of  wildland  fires  resulting  from  an  observed  state 
the  weather,  fuels,  and  topography.  The  transfc 
mation  from  a  weather  observation  to  expected  fi 
behavior  is  strongly  dependent  on  microclimate  ai 
fuel  characteristics.  Thus,  to  evaluate  the  worst  fi 
danger,  the  National  Fire-Danger  Rating  Syste 
(NFDRS)  estimates  the  moisture  content  of  roun 
wood,  without  bark,  off  the  ground,  and  in  the  opt 
(Deeming  et  al.  1977).  In  contrast,  to  evaluate  a 
erage  fire  danger,  the  Canadian  Fire  Weather  Ind> 
(FWI)  estimates  the  moisture  content  of  surface  1: 
ter  and  duff  under  a  canopy  (Van  Wagner  1974b). 
is  instructive  to  compare  how  the  two  contrastii 
systems  portrayed  fire  danger  during  the  1980  sprii 
season  at  Mack  Lake. 

FWI  class  boundaries  were  established  on  the  sar 
basis  as  the  NFDRS  Burning  Index  (BI),  using  c 
matological  data  from  Gore  Bay,  Ontario,  the  clost 
comparable  Canadian  station  (Simard  and  Vale 
zuela  1972).  FWI  values  were  calculated  using  M 
weather  data  for  April  and  May  1980  (table  9,  f 
31).  We  normalized  the  two  data  sets  by  dividing  ea 
FWI  and  BI  value  by  the  maximum  value,  there 
permitting  a  direct  comparison  of  the  two  indices  (f 
32).  The  FWI  indicates  similarities  to  the  BI  in  th 
the  times  of  peak  fire  danger  are  the  same.  The  F^ 
also  suggests  that  the  fire  season  was  bimodal,  b 
the  relative  percentages  are  different  (fig.  33).  On 
9  days  (25  percent)  were  high  to  extreme,  23  da 
(64  percent)  were  low,  and  4  days  (11  percent)  we 
moderate.  There  were  four  occasions  when  the  ind 
jumped  from  low  to  high  (or  vice  versa)  in  a  sing 
day. 

There  is  a  difference  in  the  response  of  the  t1 
systems  immediately  after  a  rainfall  of  0.1  inch 
more.  On  three  out  of  six  occasions10,  1  day  aft 
significant  rain,  the  BI  jumped  to  the  high  class  (1 
ble  1,  fig.  2).  It  remained  at  zero  only  once.  In  cc 
trast,  the  FWI  remained  at  zero  1  day  after  signi 
cant  rain  on  four  of  the  six  occasions  and  did  not  ri 
higher  than  the  moderate  class  on  the  remain! 
two.  The  lag  in  the  FWI  eliminated  three  appare 
lesser  fire  danger  peaks  implied  by  the  BI.  The  F^ 
indicates  that  most  of  the  fire  season  had  had  k 
fire  danger,  except  for  four  distinct  peaks. 

^Omitting  two  occasions  when  more  than  0.1  in 
of  rain  was  recorded  on  the  subsequent  day. 
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Table  9. — National  Fire-Danger  Rating  System 
(NFDRS),  Burning  Index  (BI),  and  Canadian  Fire 
Weather  Index  (FWI)  values  for  April  and  early 
May  1980  at  Mio,  Michigan 


NFDRS 

BI 

FWI 

Date 

(BI)1 

Blmax 

FWI 

FWImax 

April    1 

62 

0.69 

7 

0.17 

2 

70 

.78 

12 

.29 

3 

54 

.60 

16 

.39 

4 

0 

.00 

0 

.00 

5 

44 

.49 

1 

.02 

6 

47 

.52 

2 

.05 

7 

37 

.41 

2 

.05 

8 

0 

.00 

0 

.00 

9 

0 

.00 

0 

.00 

10 

0 

.00 

0 

.00 

11 

10 

.11 

0 

.00 

12 

0 

.00 

0 

.00 

13 

31 

.34 

0 

.00 

14 

0 

.00 

0 

.00 

15 

0 

.00 

0 

.00 

16 

52 

.58 

0 

.00 

17 

40 

.44 

1 

.02 

18 

58 

.64 

5 

.12 

19 

80 

.89 

14 

.34 

20 

46 

.51 

1 

.02 

21 

49 

.54 

7 

.17 

22 

54 

.60 

11 

.27 

23 

90 

1.00 

19 

.46 

24 

73 

.81 

10 

.24 

25 

58 

.64 

2 

.05 

26 

0 

.00 

2 

.05 

27 

0 

.00 

2 

.05 

28 

0 

.00 

1 

.02 

29 

0 

.00 

0 

.00 

30 

0 

.00 

0 

.00 

May    1 

10 

.11 

0 

.00 

2 

32 

.36 

1 

.02 

3 

53 

.59 

14 

.34 

4 

63 

.70 

25 

.61 

5 

79 

.88 

41 

1.00 

6 

2 

.02 

8 

.20 

1Fuel  model  Q. 


Figure  31.— Canadian  Forest  Fire  Weather  Index  (FWI) 
for  Mio,  Michigan,  April  and  early  May  1980. 
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Figure  32. — Relative  values  of  the  National  Fire- 
Danger  Rating  System  (NFDRS)  Burning  Index 
and  the  Canadian  Fire  Weather  Index  (FWI)  for 
Mio,  Michigan,  April  and  early  May  1980. 

Perhaps  most  important,  the  fire  danger  peaks 
indicated  by  the  FWI  are  of  different  magnitudes. 
While  the  first  three  peaks  were  similar  and  in  the 
high  range,  the  fourth  (on  the  day  of  the  Mack  Lake 
Fire)  was  well  into  the  extreme  range — more  than 
twice  as  high  as  the  next  highest  peak.  Thus,  the 
FWI  implied  that  fire  danger  on  May  5  was  consid- 
erably more  severe  than  it  had  been  during  the  pre- 
vious three  peaks. 

Each  system  reflects  the  aspect  of  fire  danger  it 
was  designed  to  measure.  Because  it  predicts  fire 
danger  in  the  open,  the  NFDRS  reaches  peak  values 
quickly  and  remains  relatively  high  under  continued 
drying.  In  so  doing,  however,  the  system  may  lose 
some  ability  to  distinguish  between  varying  degrees 
of  high  to  extreme  danger  under  a  closed  forest  can- 
opy. Because  the  FWI  predicts  fire  danger  under  a 
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Figure  33. — Percent  of  days  by  fire-danger  rating 
index  class. 
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canopy,  it  responds  more  slowly  than  the  NFDRS 
and  may,  therefore,  be  better  able  to  distinguish  fire 
danger  peaks  in  forest  stands.  Assuming  that  fire 
managers  would  respond  differently  to  two  portray- 
als of  the  same  fire  season  is  sufficient  justification 
for  further  study  of  these  differences. 
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)er  Right  Photo. — As  with  many  natural  processes,  a  fully  developed  crown  fire  dwarfs  suppression  efforts, 
hoto  courtesy  of  the  Huron-Manistee  National  Forest,  Mio  Ranger  District. 

>er  Left  Photo. — Looking  north  along  the  southwest  flank  of  the  fire.  Although  the  fire  is  spreading  south- 
astward  (left  to  right),  the  flames  are  being  driven  to  the  southwest  (right  to  left).  The  action  of  a  horizontal 
oil  vortex  could  account  for  this  apparent  anomaly.  Photo  courtesy  of  the  Huron  -Manistee  National  Forest, 
iio  Ranger  District. 

torn  Photo.  —  The  Mack  Lake  Fire  as  it  burned  through  the  Kirtland  Warbler  Management  Area,  shortly 
fter  passing  through  the  village  of  Mack  Lake.  Photo  courtesy  of  the  Huron -Manistee  National  Forest,  Mio 
anger  District. 


Simard,  Albert  J.;  Haines,  Donald  A.;  Blank,  Richard  W.;  Frost,  John  S. 
The  Mack  Lake  Fire.  Gen.  Tech.  Rep.  NC-83.  St.  Paul,  MN:  U.S.  De- 
partment of  Agriculture,  Forest  Service,  North  Central  Forest  Ex- 
periment Station;  1983.  36  p. 
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mented wildfires  have  exceeded  its  average  spread  rate  (2  mi/h)  and 
energy  release  rate  (8,800  Btu/ft/sec).  The  extreme  behavior  resulted 
from  high  winds,  low  humidity,  low  fuel  moisture,  and  jack  pine 
fuels.  Horizontal  roll  vortices  may  have  contributed  to  the  death  of 
one  firefighter. 
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PREFACE 

The  microcomputer  scientific  software  series  will  present  a  continuing 
set  of  BASIC  language,  small  computer  oriented  programs,  unified  by  the 
same  data  interchange  standard.  Every  program  in  this  series  will  be 
input-output  compatible  with  every  other  program  in  this  series. 

Updates,  corrections,  and  changes  to  programs  in  this  series  will  be 
forthcoming  as  necessary.  Users  are  encouraged  to  submit  extensions, 
useful  changes,  or  identified  errors  to  the  author  for  inclusion  in  the  next 
update.  Originators  will  be  given  full  credit  for  their  contributions.  It  is 
only  through  diligent  improvement  of  existing  programs  that  truly  out- 
standing software  will  eventually  become  a  reality  for  small  computers. 
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HE  MICROCOMPUTER  SCIENTIFIC  SOFTWARE 

SERIES  1: 
IE  NUMERICAL  INFORMATION  MANIPULATION 

SYSTEM 


Harald  M.  Rauscher,  Research  Forester, 
Marquette,  Michigan 


GENERAL  INFORMATION 
Identification 


ocation: 


ystem  Name:  Numerical  Information 

Manipulation  System  (NIMS) 

North  Central  Forest  Experiment 

Station 

1831  Hwy.  169  E. 

Grand  Rapids,  Minnesota  55744 

BASIC 

Radio  Shack  TRS-80  Microcomputer1 


language: 

System: 


eneral 


Summary 


NIMS  combines  the  versatility  of  a  word  process- 
ig  system  and  the  ability  to  manipulate  mathe- 
latical  or  statistical  data  in  numeric  matrix  form, 
he  system  allows  operations  on  single  numbers, 
itire  rows  or  columns  of  numbers,  or  on  entire  data 
latrices.  Data  elements  may  be  transformed  by  log- 
"ithmic,  power,  exponential,  and  other  operations, 
lien  data  sets  are  treated  as  a  single  matrix,  they 

ay  be  added,  subtracted,  multiplied,  inverted,  sep- 

"ated,  or  merged. 

hcumentation 

This  documentation  will  explain  the  operation  of 
IMS,  detail  how  the  program  functions  in  enough 
'?pth  to  allow  a  knowledgeable  user  to  implement 
iprovements  and  extensions,  and  present  the  com- 
ete  source  code  listings. 


^Mention  of  trade  names  does  not  constitute  en- 
orsement  of  the  products  by  the  USDA  Forest  Serv- 


Objectives 

(a)  Provide  small  computer  users  with  an  efficient 
and  flexible  numeric  data  manipulation  sys- 
tem. 

(b)  Provide  users  sufficient  instructions  to  help  them 
implement  additional  capabilities. 

Goals 

After  reading  this  documentation,  users  will  be 
able  to: 

(a)  handle  NIMS  efficiently. 

(b)  Gain  almost  total  automated  control  of  their 
numeric  data  sets. 

Assumptions 

I  assume  that  the  users  of  NIMS  are  also  pro- 
grammers. Consequently,  this  documentation  is  aimed 
at  those  who  understand  the  operating  environment 
of  their  small  computers,  can  program  them  in  the 
resident  BASIC  dialect,  and  know  some  of  the  dif- 
ferences between  the  many  BASIC  dialects. 
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Quick  Reference  Guide 

The  functions  performed  by  the  data  management 
system  are: 

1.  Matrix  alteration  program 

(a)  change  any  one  element 

(b)  delete  a  column 

(c)  delete  a  row 

(d)  add  a  column 

(e)  add  a  row 

(f)  add  a  row/column  with  a  fixed  value 

(g)  set  any  portion  of  a  row/column  to  a  fixed  value 
(h)  merge  any  two  matrices  either  by  rows  or  by 

columns 
(i)  extract  any  portion  of  a  matrix  as  a  new  ma- 
trix 

2.  Add  or  subtract  any  two  matrices 

3.  Multiply  all  elements  of  a  matrix  by  a  scalar 

4.  Multiply  two  matrices  together 

5.  Transpose  a  matrix 

6.  Invert  a  matrix 

7.  Transform  the  elements  of  a  matrix  to 

(a)  absolute  values 

(b)  integer  values 

(c)  exponential  values 

(d)  elements  raised  to  a  power 

(e)  square  roots 

(f)  natural  logarithms 

(g)  base  10  logarithms 

(h)  smooth  variables  by  moving  averages 

8.  Create  a  diagonal  matrix 

9.  Perform  row/column  operations 

(a)  interchange  two  rows 

(b)  interchange  two  columns 

(c)  multiply  a  row  by  a  constant 
id)  multiply  a  column  by  a  constant 

(e)  add  one  row  multiplied  by  a  constant  to  an- 
other row 

(f)  add  one  column  multiplied  by  a  constant  to 
another  column 

(g)  divide  a  row/column  by  any  element  in  the 
matrix  by  referring  to  its  row  column  identi- 
fier 


APPLICATION 
Introduction 

This  section  of  the  guide  explains  how  to  use  NEV 
It  presents  each  option  in  the  system  and  then 
lustrates  it  in  a  sample  terminal  session. 

Operating  Instructions 

Once  the  computer  system  is  under  control  of  t 
BASIC  interpreter,  the  main  program  of  NIMS 
executed  by  typing  <RUN>  "MAIN/BAS".  A  mei 
of  choices,  numbered  1-16,  appears  on  the  video  d 
play  and  you  are  asked  to  make  a  selection  (fig. 
The  first  seven  selections  remain  the  same  for 
menus.  Selection  <1>  returns  you  to  the  menu  1 
the  main  program  regardless  of  where  you  are  in  t 
system.  Selection  <2>  causes  the  NIMS  system 
relinquish  control  to  the  BASIC  interpreter.  Choic 
3-7  read  a  matrix  from  disk,  write  a  matrix  to  dis 
allow  keyboard  entry  to  data,  display  a  data  matr 
and  print  a  data  matrix  to  a  lineprinter,  respective 
See  documentation  by  Rauscher  and  Buhyoff  (19£ 
for  further  details. 

The  video  display  of  matrix  A(R,C)  is  a  windi 
that  shows  a  block  of  data  (13  rows  by  4  columi 
on  the  screen.  By  depressing  the  up,  down,  left, 
right  arrows  on  the  keyboard,  you  select  a  porti 
of  the  data  matrix  for  display.  Pressing  the  <.>  k 
activates  a  subroutine  to  change  the  names  of  t 
variables  of  the  data  set.  Pressing  the  <CLEAI 
key  returns  you  to  the  menu  section  of  the  curre 
program.  After  completion  of  the  subroutines  ac 
vated  by  choices  3-7,  the  main  menu  is  display 
again. 

Choice  <8>  executes  the  matrix  alteration  p 
gram.  The  matrix  alteration  menu  is  displayed  0 
2)  and  you  are  asked  to  select  from  options  1- 
Selections  1-7,  as  discussed  above,  remain  the  sar 
Selection  <8>  causes  the  program  to  ask  for  the  r 
and  column  identification  of  the  element  to 
changed.  When  a  coordinate  pair  is  entered,  s 
<4,5>,  the  program  displays  the  current  value 
the  matrix  element  (row  =  4,  column  =  5)  8 
prompts  for  the  new  value.  When  you  provide 
new  value,  the  program  displays  the  matrix  on 
video  screen  to  confirm  that  the  change  had  ind< 
been  made.  To  preserve  the  change,  you  must  sel 
<4>,  which  activates  the  routine  to  save  the  d; 
on  disk.  WARNING!  If  you  fail  to  save  the  curr< 
data  set  to  disk  when  the  program  cautions  you 
do  so,  you  may  lose  the  data  set. 


FORESTRY  SCIENCES  LABORATORY,  U.S.  FOREST 

SERVICE 
MENU  FOR:  NUMERICAL  INFORMATION  MANIPULATION 

SYSTEM 


i. 

3. 

5. 

7. 

9. 
11. 
13. 
15. 


RETURN  TO  MAIN  MENU 
READ  A  MATRIX  FROM  DISK 
ENTER  A  MATRIX  MANUALLY 
PRINT  MATRIX 
ADD/SUB  TWO  MATRICES 
MATRIX  MULTIPLY 
INVERSE  A  MATRIX 
CREATE  SPECIAL  MATRICES 


2.  GO  TO  BASIC 

4.  WRITE  A  MATRIX  TO  DISK 

6.  DISPLAY  MATRIX  ON  VIDEO 

8.  ALTER  MATRIX 
10.  SCALAR/MATRIX  OPERATIONS 
12.  TRANSPOSE  A  MATRIX 
14.  TRANSFORM  DATA 
16.  ROW/COL  OPERATIONS 


sSELECT  ONE  OF  THE  ABOVE 


->. 


Figure  1. — Menu  of  choices  for  program  MAIN  ofNIMS. 

Option  <9>  deletes  any  column  and  <10>  deletes 
any  row  in  the  data  matrix.  Option  <11>  adds  one 
column  to  the  end  of  the  data  matrix.  A  column  may 
not  be  added  between  two  other  columns.  Option 
<12>  adds  one  row  to  the  end  of  the  matrix.  A  row 
may  not  be  added  between  two  other  rows.  Under 
options  <11>  and  <12>,  you  must  put  in  one  ele- 
ment of  the  row/column  at  a  time.  Option  <13>  adds 
a  row/column  where  all  elements  are  the  same  value. 
Option  <14>  allows  portions  of  any  row  or  column 
to  be  set  to  a  specific  fixed  value. 

Selection  <15>  merges  two  matrices.  Before  en- 
tering this  option,  you  must  put  the  base  matrix  into 
memory  by  choosing  option  <3>  or  <5>.  The  (1,1) 
element  of  the  base  matrix  will  remain  as  the  (1,1) 
element  of  the  new  matrix.  You  are  prompted  to  en- 
ter the  name  of  the  second  matrix,  i.e.,  the  one  that 
will  be  moved  next  to  the  base  matrix.  The  program 


then  prompts  you  to  select  merging  by  rows  or  col- 
umns. The  rows  or  columns  of  the  second  matrix  are 
added  to  the  rows  or  columns  of  the  base  matrix  to 
form  the  new  matrix.  Zero  elements  are  added  where 
the  dimensions  of  the  two  matrices  do  not  match. 
The  merging  procedure  will  become  clear  with  a  lit- 
tle experimentation. 

Selection  <16>  extracts  a  submatrix  from  the 
original  matrix.  Any  block  of  contiguous  data  ele- 
ments may  be  removed  from  any  matrix  by  speci- 
fying the  coordinates  of  the  upper  left  hand  corner 
and  those  of  the  lower  right  hand  corner.  Selection 
<1>  returns  you  to  the  main  menu. 

Selection  <9>  from  the  main  menu  (fig.  1)  exe- 
cutes the  add/subtract  routine  for  two  matrices.  Ma- 
trix addition  and  subtraction  is  defined  only  for  ma- 
trices with  the  same  dimensions.  You  are  prompted 


FORESTRY  SCIENCES  LABORATORY,  U.S.  FOREST 

SERVICE 
MENU  FOR:  MATRIX  ALTERATION  ROUTINE 


i. 

3. 

5. 

7. 

9. 
,11. 
13. 
(15. 


RETURN  TO  MAIN  MENU 
READ  A  MATRIX  FROM  DISK 
ENTER  A  MATRIX  MANUALLY 
PRINT  MATRIX 
DELETE  A  COLUMN 
ADD  A  COLUMN 
ADD  FIXED  VALUE  ROW/COL 
MERGE  TWO  MATRICES 


2.  GO  TO  BASIC 
4.  WRITE  A  MATRIX  TO  DISK 
6.  DISPLAY  MATRIX  ON  VIDEO 
8.  CHANGE  AN  ELEMENT 

10.  DELETE  A  ROW 

12.  ADD  A  ROW 

14.  CHANGE  R/C  TO  FIXED  VAL 

16.  SPLIT  A  MATRIX 


SELECT  ONE  OF  THE  ABOVE— >. 


Figure  2. — Menu  of  choices  for  program  ALTER  ofNIMS. 


to  enter  matrix  B  into  the  memory  and  then  to  enter 
matrix  C.  The  next  prompt  requests  a  choice  between 
operations  B  +  C  and  B-C.  When  the  pertinent  cal- 
culations are  completed,  the  main  menu  is  once  again 
displayed. 

Option  <10>  allows  all  elements  in  a  matrix  to 
be  multiplied  by  a  scalar  (fixed  number)  or  it  allows 
a  scalar  to  be  added  to  all  elements.  Elements  can 
be  divided  by  using  the  inverse  of  the  scalar  and 
subtracted  by  using  its  negative. 

Option  <11>  activates  the  matrix  multiplication 
routine  (fig.  3)  and  option  <8>  from  the  matrix  mul- 
tiplication menu  allows  multiplication  of  two  ma- 
trices. The  order  of  matrix  multiplication  is  B  x  A 
where  B  is  entered  first  and  A  second.  The  two  ma- 
trices must  be  conformable  under  multiplication. 
Option  <1>  returns  control  to  the  main  menu. 

Selection  <12>  (fig.  1 )  executes  the  matrix  trans- 
position subroutine.  You  are  prompted  to  enter  the 
matrix,  the  rows  and  columns  are  transposed,  and 
control  is  returned  to  the  main  menu. 

Option  <13>  leads  to  the  matrix  inversion  menu 
(fig.  4).  Option  <8>  activates  the  matrix  inversion 
routine.  This  routine  uses  a  Gauss-Jordan  column 
elimination  algorithm  after  Hornbeck  (1975).  Only 


nonsingular,  square  matrices  may  be  inverted  w 
this  algorithm.  If  the  matrix  is  singular,  an  en 
trap  tells  you  of  this  fact  and  shifts  program  cont 
to  the  matrix  inversion  menu.  Otherwise,  the  mat) 
is  inverted,  the  determinant  is  displayed,  and  cont 
is  returned  to  the  matrix  inversion  menu.  The  n 
trix  inversion  routine  in  this  program  uses  sinj 
precision  variables  (6-digit  accuracy),  but  this  m 
not  be  enough  to  accurately  invert  those  matric 
that  approach  singularity.  No  attempt  has  been  ma 
to  deal  with  this  problem  of  error  analysis.  Cautk  II 
you  should  check  the  accuracy  of  the  inversion  H 
multiplying  the  original  matrix  by  its  inverse  to  s  ( 
how  well  the  identity  matrix  is  achieved. 

Returning  to  the  main  menu  (fig.  1),  option  <l<n 
leads  to  the  data  transformation  matrix  (fig.  5).  Cl 
tions  8-14  are  straightforward  transformations 
every  element  in  the  data  matrix.  Option  <1>  in 
turns  control  to  the  main  menu. 

Option  <15>  (fig.  1)  creates  a  diagonal  matr  | 
This  saves  time  because  only  the  diagonal  elemer  I 
of  the  matrix  need  to  be  explicitly  entered.  The  o| 
diagonal  zeroes  are  automatically  assigned.  UndJ 
the  same  option,  a  matrix  of  fixed  values  may  ali| 
be  quickly  created.  For  a  sparse  data  set,  you  m  . 
want  to  create  a  matrix  of  zeroes  and  then  chan  j 
the  elements  that  are  nonzero. 


FORESTRY  SCIENCES  LABORATORY,  U.S.  FOREST 

SERVICE 
MENU  FOR:  MATRIX  MULTIPLICATION  ROUTINE 


1.  RETURN  TO  MAIN  MENU 
3.  READ  A  MATRIX  FROM  DISK 
5.  ENTER  A  MATRIX  MANUALLY 
7.  PRINT  MATRIX 
SELECT  ONE  OF  THE  ABOVE— >. 


2.  GO  TO  BASIC 

4.  WRITE  A  MATRIX  TO  DISK 

6.  DISPLAY  MATRIX  ON  VIDEO 

8.  MATRIX  MULTIPLY 


Figure  3. — Menu  of  choices  for  program  MATMULT  ofNIMS. 

FORESTRY  SCIENCES  LABORATORY,  U.S.  FOREST 

SERVICE 
MENU  FOR:  MATRIX  INVERSION  ROUTINE 


1.  RETURN  TO  MAIN  MENU 
3.  READ  A  MATRIX  FROM  DISK 
5.  ENTER  A  MATRIX  MANUALLY 
7.  PRINT  MATRIX 
SELECT  ONE  OF  THE  ABOVE— >. 


2.  GO  TO  BASIC 
4.  WRITE  A  MATRIX  TO  DISK 
6.  DISPLAY  MATRIX  ON  VIDEO 
8.  MATRIX  INVERSION 


Figure  4. — Menu  of  choices  for  program  INVERSE  ofNIMS. 


FORESTRY  SCIENCES  LABORATORY,  U.S.  FOREST 

SERVICE 
MENU  FOR:  MATRIX  DATA  TRANSFORMATION  ROUTINE 


1.  RETURN  TO  MAIN  MENU 
3.  READ  A  MATRIX  FROM  DISK 
5.  ENTER  A  MATRIX  MANUALLY 

PRINT  MATRIX 

INTEGER  VALUE 

POWERS 

NATURAL  LOGARITHM 

>. 


7. 

9. 
11. 
13. 


2.  GO  TO  BASIC 

4.  WRITE  A  MATRIX  TO  DISK 

6.  DISPLAY  MATRIX  ON  VIDEO 

8.  ABSOLUTE  VALUE 
10.  EXPONENTIATION 
12.  SQUARE  ROOT 
14.  BASE  10  LOGS 


SELECT  ONE  OF  THE  ABOVE- 
igure  5. — Menu  of  choices  for  program  TRNSFORM  ofNIMS. 


FORESTRY  SCIENCES  LABORATORY,  U.S.  FOREST 

SERVICE 
MENU  FOR:  ELEMENTARY  ROW/COLUMN  OPERATIONS 

ROUTINE 


1.  RETURN  TO  MAIN  MENU 
3.  READ  A  MATRIX  FROM  DISK 
5.  ENTER  A  MATRIX  MANUALLY 
7.  PRINT  MATRIX 
9.  FLIP  TWO  COLUMNS 
11.  COLUMN  x  SCALAR 
13.  COL  +  SCALAR  x  COL 
SELECT  ONE  OF  THE  ABOVE— >. 


2.  GO  TO  BASIC 

4.  WRITE  A  MATRIX  TO  DISK 

6.  DISPLAY  MATRIX  ON  VIDEO 

8.  FLIP  TWO  ROWS 
10.  ROW  x  SCALAR 
12.  ROW  +  SCALAR  x  ROW 
14.  (ROW  OR  COL)  /  ELEMENT 


Figure  6. — Menu  of  choices  for  program  ELEMOPS  ofNIMS. 


Option  <16>  activates  the  elementary  row/col- 
lmn  operations  menu  (fig.  6).  Elementary  operations 
ire  carefully  defined  by  the  theory  of  linear  algebra. 
\  matrix  that  has  been  changed  only  through  ele- 
nentary  operations  is  equivalent  to  its  original  form, 
he  three  allowable  elementary  operations  are: 

a.  Interchange  of  rows/columns; 

b.  Multiplication  of  rows/columns  by  a  scalar  not 
equal  to  zero; 

c.  Addition  of  a  row/column  multiplied  by  a  sca- 
lar to  another  row/column. 


Options  8-13  (fig.  6)  are  self-explanatory.  Option  <14> 
simplifies  the  use  of  elementary  operation  b.  You  can 
make  the  leading  element  of  a  row  equal  to  1  by 
multiplying  the  entire  row  by  the  inverse  of  the  first 
element  in  that  row.  This  operation,  equivalent  to 
dividing  the  row  by  its  leading  element,  is  allowed 
in  option  <14>  by  specifying  the  row/column  coor- 
dinates of  the  element. 


Sample  Terminal  Session 


This  sample  terminal  session  illustrates  most  of 
the  operations  discussed  earlier. 


(Beginning) 
NORTHERN  HARDWOODS  LABORATORY,  U.S.  FOREST  SERVICE 


Execution  begins 


MENU  FOR:   DATA  MANAGEMENT  SYSTEM 


1 .  RETURN  TO  MAIN  MENU 

3.  READ  A  MATRIX  FROM  DISK 

5.  ENTER  A  MATRIX  MANUALLY 

7.  PRINT  MATRIX 

9.  ADD/SUB  TWO  MATRICES 

1 1 .  MATRIX  MULTIPLY 

13.  INVERSE  OF  A  MATRIX 

15.  CREATE  SPECIAL  MATRICES 

SELECT  ONE  OF  THE  ABOVE— >  5 


First  Display  on 
Video  Screen 


2.  GOTO  BASIC 

4.  WRITE  A  MATRIX  TO  DISK 

6.  DISPLAY  A  MATRIX  ON  VIDEO 

8.  ALTER  MATRIX 

10.  SCALAR/MATRIX  OPERATIONS 

12.  TRANSPOSE  A  MATRIX 

14.  TRANSFORM  DATA 

16.  ROW/COL  OPERATIONS 


PLEASE  ENTER:  NO..  ROWS  AND  COLS  (R,C)  .—  >  ?  2,3 

ENTER  THE  NAME  FOR  VARIABLE  1  — >  ONE 

ENTER  THE  NAME  FOR  VARIABLE  2  — >  TWO 

ENTER  THE  NAME  FOR  VARIABLE  3  — >  THREE... 


Type  input  after  an 
arrow  or  question 
mark  prompt  by  the 
program  . 


Originate  a  matrix  by 
selecting  #5  and 
entering  the  example 
data  set  into  its 
matrix  structure. 


ROW  1 

PLEASE  ENTER 
PLEASE  ENTER 
PLEASE  ENTER 
ROW  2 

PLEASE  ENTER 
PLEASE  ENTER 
PLEASE  ENTER 


VALUE  OF  COLUMN  1 
VALUE  OF  COLUMN  2 
VALUE  OF  COLUMN  3 


VALUE  OF  COLUMN  1 
VALUE  OF  COLUMN  2 
VALUE  OF  COLUMN  3 


— >  13.. 

— >  67.. 

— >  1,34 

— >  1005 

— >  43.. 

— >  92.. 


NORTHERN  HARDWOODS  LABORATORY,  U.S.  FOREST  SERVICE 
MENU  FOR:   DATA  SYSTEM  MANAGEMENT 


After  completing  each  ta 
you  are  returned  to  thl 
command  MENU  for  furth 
instructions . 


1  .  RETURN  TO  MAIN  MENU 

3.  READ  A  MATRIX  FROM  DISK 

5  .  ENTER  A  MATRIX  MANUALLY 

7 .  PRINT  MATRIX 

9.  ADD/SUB  TWO  MATRICES 

1 1 .  MATRIX  MULTIPLY 

13.  INVERSE  OF  A  MATRIX 

15.  CREATE  SPECIAL  MATRICES 

SELECT  ONE  OF  THE  ABOVE  — >  6 


2.  GOTO  BASIC 

4.  WRITE  A  MATRIX  TO  DISK 

6.  DISPLAY  A  MATRIX  ON  VIDEO 

8.  ALTER  MATRIX 

10.  SCALAR/MATRIX  OPERATIONS 

12.  TRANSPOSE  A  MATRIX 

14.  TRANSFORM  DATA 

16.  ROW/COL  OPERATIONS 


To  look  at  a  data  matrix 
select  #6  . 


COL: 


R  1: 

R  2: 


ONE 


13 

1005 


TWO 


67 
43 


THREE 


1.34 
92 


WHICH  COLUMN'S  NAME  WILL  BE  CHANGED?  — >  2. 
PLEASE  ENTER  NEW  NAME  — >  VAR.  02. 


The  example  data  set 
just  entered 


While  Inside  option  #6, 
depressing  the  period 
".*'  will  allow  changing 
variable  names .   Rows 
cannot  be  named. 


COL: 


ONE 


VAR.  02 


THREE 


R  1: 

R  2: 


13 
1005 


67 
43 


1.34 
92 


Data  set  names  must  be  less  than 
or  equal  to  7  letters. 


ENTER  FILENAME  OF  NEW  DATA  SET  — >  ?  TEST 

ENTER  DISK  DRIVE  #  WHERE  DATA  SHOULD  BE  SAVED  — >  ?  1 


Each  data  set  must  be"  saved 
to  disk,  selection  #4,  to 
preserve  it.   Caution: 
Failure  to  do  this  can  mean 
loss  of  a  data  set. 


Once  the  example  set ,  now  called 
"TEST" ,  is  saved  to  disk,  you 
may  retrieve  it  into  active 
memory  at  any  time  through 
selection  #3. 


ENTER  FILENAME  OF  DESIRED  DATA  SET  — >  ?  TEST 


PRESS  <ENTER>  WHEN  PRINTER  IS  READY.? 
PLEASE  ENTER  NAME  OF  DATA  SET  — >  TEST, 


If  a  lineprinter  is  available, 
you  may  print  TEST  to  obtain 
a  paper  copy. 


TEST 

COL: 

ONE 

VAR. 

02 

THREE 

R  1: 

13 

67 

1.34 

R  2: 

1005 

43 

92 

Lineprinter  output 


Selection  //10  allows 
scalar/matrix  operations. 
You  may  multiply  by  a  scalar 
ENTER  (M)ULTIPLY  OR  (A) DD/ SUBTRACT  BY  A  SCALAR  VALUE  — >  ?  M_  or  add  a  scalar  value 

to  a  data  set . 


ENTER  VALUE  OF  SCALAR  MULTIPLIER  — > 


100 


You  may  subtract  by  adding  a 
negative  number. 


OPERATE  ON  A  SINGLE  (R)OW,  (C)OLUMN  OR  (A)LL  ELEMENTS  — >  ?  C_ 


ENTER  COLUMN  NUMBER  TO  OPERATE  ON 


->  ?  2 


COL: 


R  1: 
R  2: 


ONE 


13 
1005 


VAR.  02 


THREE 


6700 
4300 


1.34 
92 


Results  of  multiplying 
column  #2  by  100. 


COL: 


R  1: 

13 

1005 

R  2: 

6700 

4300 

R  3: 

1.34 

92 

To  transpose  a  matrix, 
select  #12.   This 
procedure  will  destroy 
the  variable  names 
previously  assigned  to 
the  columns.   Remember, 
to  preserve  this  new 
matrix,  you  must  write  it 
to  disk  via  selection  #4. 


THIS  ROUTINE  ADDS  OR  SUBTRACTS  MATRICES.  To  add  or  subtract  active 

matrices,  choose 
PLEASE  ENTER:   (A)DD  MATRIX  B+C  OR  (S)UBTRACT  B-C  — >  A    selection  #9. 

ENTER  MATRIX  B  FROM  (1)  DISK  (2)  KEYBOARD  OR  (3)  ALREADY 

IN  MEMORY  — >  3 

PLEASE  ENTER:  C  FROM  1=DISK,  2=KEYB0ARD,  3=ALREADY  LOADED?  3 


COL: 


1: 
2: 


1, 
3, 
5, 
7, 
9, 

11, 

13 

15 


ONE 


VAR.  02 


THREE 


26 
2010 


134 
86 


2.68 
184 


Adding  TEST  to  itself  will 
double  the  values  in  the 
matrix . 


Selection  #8  erases  the 
main  program  and  executes 
NORTHERN  HARDWOODS  LABORATORY,  U.S.  FOREST  SERVICE   a  new  one.   On  the  new 

menu  list,  selections  1-7 


MENU  FOR:   MATRIX  ALTERATION  ROUTINE 


have  not  changed. 


RETURN  TO  MAIN  MENU 
READ  A  MATRIX  FROM  DISK 
ENTER  A  MATRIX  MANUALLY 
PRINT  MATRIX 
DELETE  A  COLUMN 
ADD  A  COLUMN 
ADD  FIXED  VALUE  ROW /COL 
MERGE  TWO  MATRICES 


2. 

GOTO  BASIC 

4. 

WRITE  A  MATRIX  TO  DISK 

6. 

DISPLAY  MATRIX  ON  VIDEO 

8. 

CHANGE  AN  ELEMENT 

10. 

DELETE  A  ROW 

12. 

ADD  A  ROW 

14. 

CHANGE  R/C  TO  FIXED  VAL 

16. 

SPLIT  A  MATRIX 

SELECT  ONE  OF  THE  ABOVE— >  8, 


.EASE  ENTER:   LOCATION  OF  ELEMENT  TO  BE  CHANGED  (ROW,  COL).?  1,3 

^TRIX  (R,C)=  (  1  ,  3  )=  1.34 

.EASE  ENTER:   NEW  VALUE  OF  ELEMENT.?  -99.99 


To  change  any  one  element , 
you  must  first  enter  the 
desired  data  set  via 
selection  #3  or  #5  then 
selection  #8  will  change 
any  single  element . 


DL: 

ONE 

VAR.  02 

THREE 

1: 

2: 

13 
1005 

67 
43 

-99.99 
92 

Notice  the  change  in  data 
set  TEST.   The  number 
-99.99  is  used  to 
identify  missing  values, 


LEASE  ENTER:   COLUMN  TO  BE  DELETED.?  2 


Selection  #9  deletes 
any  column  and  # 10 
deletes  any  row. 


JL: 


ONE 


THREE 


13 
1005 


-99.99 
92 


Column  #2  removed  from 
data  set  TEST. 


ATRIX  HAS  DIMENSIONS  (R,C)=(  2,2) 

fJTER  THE  NAME  FOR  VARIABLE   3   -->   VAR.  3., 

LEASE  ENTER:  VALUE  OF  ROW   1   COLUMN  3  ?  50 

LEASE  ENTER:  VALUE  OF  ROW   2   COLUMN  3  ?  30 


Similarly,  selections 
#11  and  #12  add  a 
column  or  row . 


3L: 


ONE 


THREE 


VAR.  3 


13 
1005 


-99.99 
92 


50 
30 


Result  of  column 
addition. 


,l)D  A  (1)  ROW  OR  (2)  COLUMN  WITH  FIXED  VALUE?  2 
1AT  IS  THE  NEW  VALUE?  -1 

NITER  THE  NAME  FOR  VARIABLE   4  — >   FOUR 


L: 


ONE 


13 
1005 


THREE 


-99.99 
92 


VAR, 


50 
30 


FOUR 


-1 
-1 


Selection  #13  creates  a 
new  row  or  column 
with  the  same  value. 


Result  of  selection  #13 


CHANGE  PORTIONS  OF  A  (1)  ROW  OR  (2)  COLUMN?  1 

WHAT  IS  THE  NEW  VALUE?  0 

WHICH  ROW/COLUMN  IS  TO  BE  CHANGED?   1 

BEGIN  CHANGE  AT  LOCATION?  1 

END  CHANGE  AT  LOCATION?  3 


Selection  #14  changes 
any  sequence  of  row 
or  column  locations. 


COL: 


R  1: 
R  2: 


ONE 


THREE 


VAR. 


FOUR 


0 
1005 


0 
92 


0 
30 


-1 
-1 


Save  this  matrix  to 

disk,  by  calling  it  "TEMP' 


THE  CORE  (A)  MATRIX  HAS  DIMENSIONS  — >   2  BY  4 
THE  SECOND  (B)  MATRIX  HAS  DIMENSIONS  — >   2   BY  3 

MERGE  A  WITH  B  BY  (1)  ROWS  OR  (2)  COLUMNS  — >  ?  1 


Selection  #15  merges 

two  matrices.   To  merge 
TEMP  with  TEST,  enter 
selection  15  with  TEMP 
in  memory  as  the  core 
matrix  and  then  load 
TEST  when  prompted. 


COL 

ONE 

VAR. 

02 

THREE 

FOUR 

R  1 

0 

0 

0 

-1 

R  2 

1005 

92 

30 

-1 

R  3 

13 

67 

1  .34 

0 

R  4 

1005 

43 

92 

0 

The  maximttra  row  and 
column  dimensions  are 
used  for  the  merged 
matrix,  and  zeroes  are 
used  to  fill  in  the  empty 
places  (as  in  locations 
3,4  and  4,4)  . 


THE  MATRIX  IN  MEMORY  HAS   4   ROWS  AND   4   COLUMNS. 

ENTER  THE  ROW,  COLUMN  COORDINATES  OF  THE  UPPER  LEFT 
CORNER  OF  THE  NEW  MATRIX  (R,C)  — >  ?  2,2 

ENTER  THE  ROW,  COLUMN  COORDINATES  OF  THE  LOWER  RIGHT 
CORNER  OF  THE  NEW  MATRIX  (R,C)  — >  ?  4,3 


Selection  16  allows  a 
matrix  to  be  split  to 
create  a  new  matrix. 
With  the  above  merged 
matrix  in  memory,  this 
procedure  yields  the 
results  at  bottom. 


COL: 


R  1 
R  2 
R  3 


VAR.  02 


92 
67 
43 


THREE 


30 

1.34 

92 


Select  #1  to  return  to 
the  main  menu  and  then 
#11  for  matrix 
multiplication. 
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NORTHERN  HARDWOODS  LABORATORY,  U.S.  FOREST  SERVICE 
MENU  FOR:   MATRIX  MULTIPLICATION  ROUTINE 


1 .  RETURN  TO  MAIN  MENU 

3.  READ  A  MATRIX  FROM  DISK 

5.  ENTER  A  MATRIX  MANUALLY 

7 .  PRINT  MATRIX 

SELECT  ONE  OF  THE  ABOVE— > 


2.  GOTO  BASIC 

4.  WRITE  A  MATRIX  TO  DISK 

6.  DISPLAY  MATRIX  ON  VIDEO 

8.  MATRIX  MULTIPLY 


Enter  data  set  TEST  into 
memory  and  display  it. 
Then  select  #8. 


COL: 


ONE 


VAR.  02 


THREE 


R  1; 
r'2: 


13 

1005 


67 
A3 


1.34 
92 


THE  ORDER  OF  MULTIPLICATION  IS  B  *  A  . 
MATRIX  B  IS  ALREADY  IN  MEMORY. 

ENTER  A  FROM  (1)  DISK  (2)  KEYBOARD  OR  (3)  IN  MEMORY  — > 


Remember:   data  set  A  must 
be  conformable  under  the 
laws  of  matrix 
multiplication . 

Then  select  //2  and  enter 
the  3x1  matrix  displayed 
below. 


COL: 


ONE 


R  1 
R  2 
R  3 


COL: 


R  1: 
R  2: 


81  .34 
1140 


After  the  multiplication  routine, 
display  the  matrix  in  memory, 
the  results  of  the  matrix 
multiplication  operation. 

Next ,  return  to  the  main 
menu  and  select  #13. 
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NORTHERN  HARDWOODS  LABORATORY,  U.S.  FOREST  SERVICE 
MENU  FOR:   MATRIX  INVERSION  ROUTINE 


1.  RETURN  TO  MAIN  MENU 

3.  READ  A  MATRIX  FROM  DISK 

5.  ENTER  A  MATRIX  MANUALLY 

7.  PRINT  MATRIX 

SELECT  ONE  OF  THE  ABOVE— > 


2.  GOTO  BASIC 

4.  WRITE  A  MATRTX  TO  DISK 

6.  DISPLAY  MATRIX  ON  VIDEO 

8.  MATRIX  INVERSION 


Enter  the  following  matrix 
into  memory  via  #5 
and  select  #8 . 


COL: 


ONE 


TWO 


THREE 


R    1: 

2 

1 

R    2: 

1 

2 

R    3: 

1 

1 

THE  DETERMINANT  =  4 

PLEASE  DEPRESS  ANY  KEY  TO  RETURN  TO  MENU. 


If  the  matrix  has  a  true 
inverse,  the  determinant 
will  be  displayed  . 


COL: 


R    1: 

.75 

-.25 

-.25 

R    2: 

-.25 

.75 

-.25 

R    3: 

-.25 

-.25 

.75 

The  inverse  of  the  matrix  is 
in  memory  and  may  be 
displayed,  printed,  or 
saved  to  disk.   Note  that 
the  column  names  are 
destroyed  because  they  are 
no  longer  significant. 


Next,  return  to  the  main 
menu  and  select  #14. 
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NORTHERN  HARDWOODS  LABORATORY,  U.S.  FOREST  SERVICE 
MENU  FOR:   ELEMENTARY  ROW/COLUMN  OPERATIONS  ROUTINE 


1.  RETURN  TO  MAIN  MENU 

3.  READ.  A  MATRIX  FROM  DISK 

5.  ENTER  A  MATRIX  MANUALLY 

7 .  PRINT  MATRIX 

9.  FLIP  TWO  COLUMNS 

11.  COLUMN  *  SCALAR 

13.  COL  +  SCALAR  *  COL 


2. 

GOTO  BASIC 

4. 

WRITE  A  MATRIX 

TO  DISK 

6. 

DISPLAY  MATRIX 

ON  VIDEO 

8. 

FLIP  TWO  ROWS 

10. 

ROW  *  SCALAR 

12. 

ROW  +  SCALAR  * 

ROW 

14. 

(ROW  OR  COL)  / 

ELEMENT 

SELECT  ONE  OF  THE  ABOVE— -> 


Next,  enter  data  set  TEST 
into  memory. 


COL: 


ONE 


VAR.  02 


R  1: 
R  2: 


13 

1005 


67 
43 


THREE 


1.34 
92 


PLEASE  ENTER:  ROWS  TO  BE  INTERCHANGED  (X,Y)?  1,2 


This  routine  defines  the 
three  allowable  matrix 
elementary  operations  to 
be  performed .   In 
addition,  you  may  exchange 
rows  and  columns. 
Select  #8. 


COL: 

R  1: 
R  2: 


ONE 

1005 
13 


VAR.  02 

43 
67 


THREE 

92 

1.34 


Display  the  new  data  set 
with  rows  one  and  two 
interchanged . 


13 


PLEASE    ENTER: 


R2    +   K.   *    Rl         (R2,K,R1)?    1,2,2 


Select    #12    to    add    a   constant 
times    one    row    to    another 
row.      In    the    example,    row   #2 
is   multiplied    by    2    and    the 
result    is    added    to    row   #1 . 
The    result    is    given    below. 


COL: 


ONE 


VAR.    02 


THREE 


R    1: 

R   2: 


1031 
13 


177 
67 


94.68 

1.34 


Select    #14.      This    routine 

divides    any    row   or    column   by 
any    element    identified    by 
DO   YOU   WISH    TO    OPERATE   ON    A  ROW    (R)    OR   A   COLUMN    (C)?    C        its    location    coordinates. 

PLEASE    ENTER:      WHICH    ROW/COL   DO    YOU    WISH   TO    OPERATE    ON?    2 

GIVE    COORDINATES    OF    ELEMENT   THAT    WILL    BE   THE    DIVISOR 

(I, J)?    2,2 


COL: 


ONE 


VAR.    02 


THREE 


R    1: 

R   2: 


1031 
13 


2.64179 
1 


94.68 
1.34 
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NORTHERN  HARDWOODS  LABORATORY,  U.S.  FOREST  SERVICE 
MENU  FOR:   MATRIX  DATA  TRANSFORMATION  ROUTINE 


1 .  RETURN  TO  MAIN  MENU 

3.  READ  A  MATRIX  FROM  DISK 

5.  ENTER  A  MATRIX  MANUALLY 

7.  PRINT  MATRIX 

9.  INTEGER  VALUE 

11.  POWERS 

13.  NATURAL  LOGARITHM 
SMOOTH  VARIABLES 


2.  GOTO  BASIC 

4.  WRITE  A  MATRIX  TO  DISK 

6.  DISPLAY  MATRIX  ON  VIDEO 

8.  ABSOLUTE  VALUE 

10.  EXPONENTIATION 

12.  SQUARE  ROOT 

14.  BASE  10  LOGS 


SELECT  ONE  OF  THE  ABOVE— > 


COL: 


R  1: 

R  2: 


ONE 


VAR.  02 


13 
1005 


67 
43 


THREE 


1.34 
92 


Enter  the  data  set  TEST  into 
memory  and  display  it.   Then 
select  #13. 


COL: 


R  1: 
R  2: 


ONE 


VAR.  02 


2.56495 
6.91274 


4.20469 
3.7612 


THREE 


.29267 
4.52179 


Display  the  result.   The 
natural  logarithms  of  the 
original  data  set  are  now  in 
memory.   All  other 
transformations  work  the 
same  way . 

Return  to  the  main  menu  and 
select  #16 . 


(END) 


PROGRAMMING 
PROCEDURES 

System  Characteristics 

NIMS  is  written  in  BASIC  for  the  TRS-80  Model 
computer.  Two  mini-disk  drives  and  a  lineprinter 
re  recommended  for  best  results.  These  programs 
hould  be  easy  to  modify  for  any  microcomputer  sys- 
jm  that  uses  the  BASIC  language. 

Memory  size  determines  the  maximum  dimen- 
ons  of  the  data  matrices  with  which  the  system  can 
ork.  The  current  matrix  dimensions  for  each  major 


program  of  NIMS  running  on  the  fully  expanded, 
48,000  byte  TRS-80  Model  I  system  are: 


a.  MAIN/BAS 

b.  ALTER/BAS 

c.  MATMULT/BAS 

d.  INVERSE/BAS 

e.  TRNSFORM/BAS 

f.  ELEMOPS/BAS 


150  rows  by 
250  rows  by 
45  rows  by 
50  rows  by 
150  rows' by 
150  rows  by 


20  columns 
20  columns 
45  columns 
50  columns 
20  columns 
20  columns 


The  dimension  statement,  which  defines  size  limit 
of  the  data  set,  is  always  located  in  line  number 
40000.  Reducing  the  number  of  rows  in  a  matrix 
increases  the  number  of  columns  that  can  be  accom- 
modated and  vice  versa. 
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Data  File  Structure 

The  numerical  data  of  interest  are  built  into  a 
matrix,  Aij,  where  i  =  number  of  observations  and 
j  =  number  of  variables.  Each  data  set  has  three 
data  files  automatically  defined  for  it.  If  "TEST"  is 
the  name  of  an  example  data  set,  then  the  data  files 
"TESTM,"  "TESTN,"  and  "TESTL"  will  be  automat- 
ically created  or  updated  every  time  "TEST"  is  saved 
to  disk.  File  "TESTM"  contains  the  matrix  Aij,  file 
"TESTN"  contains  the  row  and  column  dimensions, 
and  file  "TESTL"  contains  the  names  of  the  varia- 
bles, i.e.,  columns,  of  Aij. 

Program  Code 
Documentation 

Introduction 

The  programs  are  coded  in  the  Microsoft  (TM) 
BASIC  language  for  direct  use  with  the  Radio  Shack 
(TM)  Level  II  BASIC  interpreter.  Unlike  many  other 
languages,  BASIC  allows  concatention  of  several 
logical  statements  in  one  physical  line.  Microsoft 
BASIC  uses  the  colon,  ":,"  as  the  logical  statement 
delimiter.  Because  each  physical  line  costs  5  bytes 
of  memory  and  each  unnecessary  space,  1  byte,  small 
computer  BASIC  programs  are  written  in  com- 
pressed code.  They  look  impossible  to  decipher,  es- 
pecially for  those  who.  normally  program  in  FOR- 
TRAN. To  make  matters  worse,  internal  program 
documentation  is  reduced  to  a  minimum  in  BASIC 
because  these  statements  use  previous  memory.  Be- 
cause of  these  memory  constraints  and  the  ability  to 
refer  unambiguously  to  any  physical  line  in  the  pro- 
gram, the  code  is  presented  in  the  Appendix  in  the 
normal,  compressed  fashion.  Each  section  of  code  is 
explained  by  reference  to  physical  linenumbers. 

Several  conventions  have  been  defined  for  the  rou- 
tines in  this  system.  First,  matrix  A(R,C)  always 
carries  the  data  that  is  moved  to  and  from  disk,  dis- 
played on  the  video  screen,  or  printed  to  the  line- 
printer.  User-developed  routines  may  use  any  Vari- 
able names  in  computations  as  long  as  the  results 
of  data  matrix  operations  end  up  in  matrix  A(R,C) 
before  control  is  given  to  the  input/output  routines. 
Second,  all  missing  values  must  be  coded  -99.99  to 
distinguish  then  from  zeroes.  The  only  program  that 
now  deals  directly  with  missing  values  is  program 
TRNSFORM.  In  general,  operations  that  merely  ma- 
nipulate the  structure  of  the  data  matrix  will  not  be 
adversely  affected  by  missing  values.  But  you  should 
be  cautious:  those  routines  that  perform  arithmetic 


operations  on  data  elements  are  likely  to  produc 
errors  if  missing  data  are  present. 

NIMS  is  a  group  of  6  separate  programs:  MAtt 
ALTER,  MATMULT,  INVERSE,  TRNSFORM,  an 
ELEMOPS.  Limited  memory  necessitates  balancin 
program  length  with  data  matrix  size  because  bot 
must  reside  in  memory  concurrently. 

Program  SEED  (Appendix  I) 

The  SEED  program,  lines  13-668,  which  is  th 
core  of  all  NIMS  programs,  is  essentially  the  sair 
code  that  is  documented  elsewhere  by  Rauscher  an 
Buhyoff  (1981).  SEED  is  composed  of  7  standard  sul 
routines  that  control  the  input  and  output  operatior 
of  other  programs.  These  routines  contain  most  i 
the  TRS-80  specific  statements.  Users  wishing  to  ada] 
NIMS  to  a  different  computer  system  must  repla< 
these  7  routines  with  similar  ones  defined  by  th 
new  system  requirements. 

Lines  13-34  define  a  formatted  input  routine.  Th 
variable  FL,  set  in  the  calling  program,  contains  th 
formatting  information.  FL  >  0  allows  both  numer 
and  alpha  digits  to  be  input  from  the  keyboard.  Th 
number  of  digits  allowed  is>  defined  by  the  absolui 
value  of  FL.  When  FL  <  0,  only  numeric  digits,  th 
negative  sign,  and  the  period  are  acceptable  input 
When  the  absolute  value  of  FL  =  1,  the  input 
accepted  and  processing  continues  without  need  ft 
a  carriage  return.  This  is  useful  for  rapidly  acceptin 
single  digit  choices  such  as  "Y"  or  "2".  At  all  othu 
times,  input  will  not  be  processed  until  a  carriag 
return  is  entered  from  the  keyboard.  The  string  va: 
iable  IN$  returns  the  input  accepted  to  the  callin 
program  for  further  processing.  You  can  substitut 
any  routine  that  uses  these  variables  to  accomplis 
the  same  function. 

The  variable  P,  line  15,  is  set  equal  to  the  locatio 
of  the  screen  cursor  character.  This  address  is  store 
in  memory  locations  16416  and  16417  (decimal)  i 
the  level  II  TRS-80  computer  and  must  be  change 
to  conform  to  the  requirements  of  another  compute 
system.  Lines  16-23  pertain  to  single  digit  input 
and  lines  24-34  pertain  to  multiple  digit  inputs. 

Lines  36-47  implement  a  menu  selection  routin 
described  in  detail  by  Rowlett  (1980).  The  addres 
on  the  video  screen  where  the  blinking  cursor  is  t 
appear  must  be  pissed  to  this  subroutine  from  th 
main  program  in  variable  X.  The  number  of  item 
in  the  menu  list  must  be  passed  in  variable  XO.  0 
return  to  the  calling  program,  X  contains  the  iter 
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number  selected.  Extensive  use  of  the  video  screen 
standards  specific  to  the  TRS-80  makes  this  routine 
system  dependent.  It  is  used  in  NIMS  only  once — 
in  program  MAIN,  line  10120 — and  could  be  re- 
placed by  a  form  of  the  input  routine  of  lines  13-34. 

The  sequential  data  set  disk-read  routine  is  in 
lines  100-180  and  the  sequential  data  set  write-to- 
disk  routine  is  in  lines  190-270.  These  two  routines 
are  system-specific.  Before  the  write-to-disk  routine 
is  entered,  the  correct  matrix  of  data,  column  names, 
and  dimensions  must  be  in  the  variables  A(.,.),  N$(.), 
R,  and  C,  respectively.  A  substitute  routine  must  be 
able  to  read  and  write  from/to  a  disk  the  three  files 
associated  with  each  data  set  as  discussed  under  "Data 
File  Structure." 

Routine  input,  lines  290-435,  allows  a  user  to  en- 
ter a  data  set  into  the  matrix  structure  from  the 
keyboard.  After  specifying  the  data  set  dimensions, 
variables  R  and  C,  and  the  name  of  each  column, 
variable  N$(.),  you  enter  the  data  elements  one  row 
at  a  time.  This  routine  does  not  contain  any  partic- 
ular system-dependent  statements. 

Routines  video,  lines  440-619,  and  lineprinter,  lines 
620-668,  are  essentially  the  same.  The  data  matrix 
is  displayed  on  the  video  screen  or  on  a  lineprinter. 
Before  this  routine  is  entered,  the  matrix  must  be 
in  variable  A(.,.)  and  the  associated  column  names 
must  be  in  N$(.)  with  the  dimensions  in  R  and  C. 
Lines  510  and  623  act  as  an  error  trap  to  ensure  that 
some  matrix  is  in  fact  in  memory.  The  video  routine 
is  designed  for  a  screen  of  16  rows  by  64  columns. 
Such  a  screen  allows  13  rows  and  4  columns  of  the 
data  set  on  display  at  any  one  time.  Different  row 
numbers  and  columns  can  be  accommodated  by 
changing  the  number  13  or  4  wherever  it  occurs  be- 
tween lines  440-619.  These  routines  should  be  more 
or  less  universal. 

Program  MAIN  (Appendix  II) 

The  MAIN  program  gives  you  command  control 
access  to  every  other  subprogram  in  NIMS.  Line  10 
reserves  required  string  space,  sets  the  dimensioning 
routine  flag,  TX,  to  ON  =  -1,  and  jumps  to  the  menu 
routine,  always  located  between  lines  700-920.  Sub- 
routine 42000  accepts  a  string  variable,  T$,  centers 
it,  and  prints  it  as  the  next  line  on  the  video  screen. 
The  routine  in  40000  dimensions  the  data  matrices 
required  and  initializes  any  variables  that  need  it. 
Variable  MV  is  used  for  missing  values  recognized 
as  -99.99.  The  dimensioning  routine  may  be  accessed 
only  once  per  execution  because  run-time  redimen- 
sioning  of  data  matrices  is  not  permitted  by  most 


BASIC'S.  In  line  750,  TX  is  redefined  as  OFF  =  1 
and  the  menu  is  displayed.  Keyboard  input  is  ac- 
cepted in  line  900,  and  after  an  error  trap,  the  ap- 
propriate subroutine  is  called  in  line  910.  After  re- 
turn from  each  subroutine  of  MAIN,  the  central  menu 
is  once  more  displayed,  line  920. 

The  addition  and  subtraction  of  matrices,  scalar 
multiplication,  matrix  transposition,  and  creation  of 
special  matrices  (menu  options  9,  10,  12,  &  15),  re- 
spectively, are  subroutines  in  program  MAIN.  Ma- 
trix alteration,  multiplication,  inversion,  transfor- 
mation, and  elementary  operations  (menu  options  8, 
11,  13,  14,  and  16),  respectively,  require  the  execu- 
tion of  other  programs,  lines  930-1010. 

The  matrix  addition/subtraction  subroutine,  lines 
6500-6700,  stores  the  first  matrix  entered  in  varia- 
bles B(.,.),  RB,  and  CB,  lines  6570-6602.  The  second 
matrix  is  retained  in  A(.,.),  R,  and  C  after  it  is  en- 
tered into  memory  in  line  6604.  Conformation  of  ma- 
trices is  tested  in  6614,  and  the  operation  is  per- 
formed, lines  6640-6670.  If  variable  S  =  1,  subtraction 
is  performed;  in  other  cases,  addition  is  done. 

Scalar/matrix  operations  are  performed  in  lines 
6900-6950.  Variable  IT  =  1  signifies  multiplication 
and  IT  =  2  signifies  addition  (line  6932).  The  mul- 
tiplier is  stored  in  variable  M  and  the  scalar  addition 
value  is  stored  in  variable  AS  (line  6935).  Subtrac- 
tion is  done  if  AS  is  negative.  In  line  6940,  you  must 
respond  to  select  the  portion  of  the  matrix  targeted 
for  the  operation:  row  (lines  8000-8020),  column  (lines 
8100-8120),  or  all  elements  (lines  8200-8210).  The 
operation  is  performed  in  lines  8010,  8110,  and  8200. 
An  error  check  for  missing  values,  MV,  disallows 
operation  on  them. 

Transposition  is  accomplished  in  lines  7500-7660. 
The  only  complicated  part  of  this  routine  occurs  in 
line  7645  which  causes  the  now  invalid  column  names 
to  be  changed  into  numeral  names  representing  that 
column. 

Finally,  the  routine  to  enter  special  matrices  is 
defined  in  lines  10100-10190.  This  routine  allows 
creation  of  diagonal  matrices  by  entering  only  the 
diagonal  values  instead  of  every  element  (lines  10140- 
10190).  Matrices  in  which  all  elements  are  the  same 
number  may  also  be  created  in  this  routine  (lines 
10130-10135). 

Program  ALTER  (Appendix  III) 

Through  ALTER,  you  can  change  an  element  of 
the  data  matrix  (lines  4200-4260),  delete  a  column 
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(lines  4500-4610),  delete  a  row  (lines  4800-4910),  add 
a  column  (lines  5100-5170),  add  a  row  <lines  5400- 
5470),  create  a  new  row/column  with  a  fixed  value 
(lines  6000-6080),  set  parts  of  a  row/column  to  a  fixed 
value  (lines  6090-6180),  merge  two  matrices  (lines 
7000-7310),  and  extract  any  portion  of  a  matrix  to 
create  a  new  one  (lines  8000-8130).  These  subrou- 
tines are  extremely. simple.  It  should  be  equally  sim- 
ple to  add  operations  if  necessary.  As  in  the  MAIN 
program,  one  matrix  is  always  stored  in  A(.,.)  with 
column  names  in  N$(.).  A  second  matrix,  if  needed, 
is  stored  in  B(.,.)  and  its  column  names  are  stored 
in  NB$(.). 

Program  MATMULT  (Appendix  IV) 

This  program  allows  matrix  multiplication  (lines 
7300-7480).  It  is  a  separate  program  in  order  to  allow 
the  largest  possible  matrices  to  be  multiplied  to- 
gether. There  is  an  error  check  (line  7345)  for  con- 
formability  of  matrices  under  multiplication.  The 
original  column  names  no  longer  apply  after  mul- 
tiplication (line  7470). 

Program  INVERSE  (Appendix  V) 

This  inversion  routine  (lines  8500-9526)  was 
adapted  from  the  program  presented  by  Hornbeck 
(1975).  The  routine  uses  Gauss-Jordan  elimination 
with  column  shifting  to  maximize  pivot  elements. 
The  matrix  to  be  inverted  must  be  square,  nonsin- 
gular,  and  of  order  50  or  less.  The  only  error  trap  is 
in  line  9312,  which  checks  to  see  if  the  determinant 
of  the  matrix  is  zero  to  within  six  digits.  This  cri- 
terion could  easily  be  changed.  The  Euclidean  norm 
of  the  matrix  is  computed  and  stored  in  PD;  DTNRM 
holds  the  value  for  the  determinant,  DETM,  divided 
by  PD.  Extreme  ill-conditioning  or  singularity  will 
usually  be  accompanied  by  a  small  value  of  DTNRM 
(Hornbeck  1975). 


Program  TRNSFORM  (Appendix  VI) 

Program  TRNSFORM  allows  data  elements  to  be 
transformed  by  various  functions  (lines  10000-10640). 
Many  other  transformation  functions  are  possible 
and  can  easily  be  inserted.  Transformations  may  now 
only  be  performed  on  the  entire  data  matrix,  not  on 
selected  rows  or  columns. 

Program  ELEMOPS  (Appendix  VII) 

Program  ELEMOPS  allows  elementary  row/col- 
umn operations  plus  the  interchanging  of  any  two 
rows  or  columns.  The  code  to  accomplish  these  tasks 
is  clear  and  needs  no  additional  documentation.  The 
loop  in  line  10000  is  used,  as  a  time  delay  loop. 


Recovery  From  Errors 

The  most  serious  errors  will  terminate  the  pro- 
gram. The  most  effective  recovery  technique  is  sim- 
ply to  enter  <GOTO  700>,  re-activating  the  pro- 
gram by  switching  control  to  the  current  menu.  The 
data  containing  the  work  done  up  to  the  error  will' 
still  be  active  in  memory  as  can  be  seen  by  entering^ 
option  <6>  to  display  it.  You  can  save  the  current 
work,  take  stock  of  the  situation,  and  try  again.  A1-! 
though  this  procedure  does  not  correct  the  error,  iti 
does  save  your  time.  Most  errors  will  probably  result 
from  a  conflict  between  the  maximum  dimensions 
allowed  as  defined  in  line  40000  and  the  current 
requirements.  The  solution  is  to  adjust  the  dimen- 
sions of  line  40000  if  they  differ  from  the  current 
needs. 
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APPENDIX  I.  Source  code  listing  for  program  SEED/BAS 


28 

29 
30 
31 
32 
33 


34 


13  • ************************************************** 

14  'ANSWER  INPUT  ROUTINE 

15  P=(256*PEEK(16417)+PEEK(16416) )-15359 

:IF  ABS(FL)=1THEN16ELSE24 

16  IN$=" " 

:PRINT@P,CHR$(136) ; 
:LX=1 

17  IN$=INKEY$ 

:IFIN$=""THEN22 

18  IFFL=-1  AND  ASC(IN$)>47  AND  ASC(IN$)<58  THEN  21 

19  IF  FL=1  AND  ASC(IN$)>64  AND  ASC(IN$)<91  THEN  21 

20  GOTO  22 

21  PRINT@P,IN$ 

: RETURN 

22  LX=LX+1 

:IFL<16THEN17 
2  3  PRINT@P, "  "; 

F0RLX=1T025 

NEXT 

GOT016 

24  PRINT@P,  CHR$(136); 
IN$="" 
LX=ABS(FL) 
GOSUB34 

25  A$=INKEY$ 

:IFA$=" "THEN 2 5 

26  IFA$=CHR$(13)THENPRINTCHR$(15)  ; 

: RETURN 

27  IF  A$=CHR$(8)THENIFIN$<>""THENPRINTA$; 
PRINTCHR$(136) ;CHR$(24) ; 
IN$=LEFT$(IN$,LEN(IN$)-1) 
LX=LX+1 
GOT025 
ELSEGOT028 

IFA$=CHR$ ( 24 ) THENPRINTCHR$ ( 29 )  ; 

: GOTO 2 4 
IF  FL>0  AND  ASC(A$)>31  AND  ASC(A$)<91  THEN  32 
IF  FL<0  AND  ASC(A$)>=45  AND  ASC(A$)<58  THEN  32 
GOTO  25 

IF  LX=0  THEN  25 
PRINT  A$; 

IN$=IN$+A$ 
LX=LX-1 
GOTO 2 5 
FOR  IX=1T0LX-1 

: PRINT  CHR$(136)  ; 

:NEXT 

:FORJX=lTOLX 

:PRINT  CHR$(24) ; 

:NEXT 

: RETURN 
35  • ***************************************** 

37  'MENU  SELECTOR  ROUTINE  BY  FRANK  B.  ROWLETT,  JR. 

38  '80  MICROCOMPUTING  1(11) 

:195   NOV.  1980 
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40  'ON  OUTPUT  X=ITEM  #  SELECTED  USES  X , X0 , Xl , X2 , X3  AND  B$ 

41  '///////////////////////// 

42  X1=X 

:PRINT@960fCHR$(30)  ;M  ["  MOVES  INDICATOR  UP,  "  ;CHR$  (  92 )  ;  "  MOVES  IND 
CATOR  DOWN,  <ENTER>  TO  SELECT"; 

43  PRINT@X1,CHR$(143) ; 
FORX2=0TO2 
B$=INKEY$ 
I FB  $= " " THENNEXTX  2 
PRINT@Xl,CHR$(94) ; 
FORX2=0TO9 
B$=INKEY$ 
I FB$="" THENNEXTX 2 
GOT04  3 

PRINT@Xlf"  "; 

X2=ASC(B$) 

IFX2=9lTHEN45ELSEIFX2=10THEN46ELSEIFX2=13THENPRINT@Xl,CHR$(94) ; 

X=(Xl-X)/64+l 

RETURNELSE4  3 
X3=0 

Xl=Xl-64 

IFXl<XTHENXl=X+(X0-l)*64 

GOT047ELSE47 
X3=0 

:Xl=Xl+64 

:IFXl=X+X0*64THENXl=X 
PRINT@X1,CHR$(14  3) ; 

FORX2=0TO5 

NEXTX2 

PRINT@X1,CHR$(94) ; 

FORX2=OT019 

NEXTX2 

IFX3<2THENX3=X3+1 

GOT047ELSEX3=PEEK( 14656) 

PRINT@X1,"  " ; 

IFX3=8THEN4  5ELSEIFX3=16THEN4  6ELSE4  3 
50  •  ************************************ 

5  2  'CHANGE  VARIABLE  NAMES 
54  '/////////////// 
56  CLS 

PRINT@448, "WHICH  COLUMN'S  NAME  WILL  BE  CHANGED?  — >  "; 

FL=-2 

GOSUB15 
:XJ=VAL(IN$) 

PRINT 

PRINT"PLEASE  ENTER  NEW  NAME  — > 

FL=8 

GOSUB15 

N$(XJ)=IN$ 

RETURN 
ioo    •  ******************************************* 

110  'READ  SEQUENTIAL  DATA  SET  FROM  DISK 

120  '//////////////////// 

130  CLS 

135  PRINT@448, "ENTER  FILENAME  OF  DESIRED 


DATA  SET  — > 
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8 , "ENTER  FILENAME  OF  DESIRED  DATA  SET  — >  "  ; 

INPUT  F$ 

FF$=F$+"N" 

L$=F$+"L" 

F$=F$+"M" 
140  OPEN  "I",1,FF$ 
:INPUT#lrR,C 
tCLOSEl 
: "GET  R,C  VALUES 

145  OPEN  "I",1,L$ 
FORK=lTOC 
INPUT#1,N$(K) 
NEXTK 

146  CLOSE 

150  OPEN  "I",1,F$ 

160  FORI=lTOR 

:FORJ=lTOC 

:INPUT#1,A(I,J) 

:NEXTJ,I 

170  CLOSE  1 

180  RETURN 

190  '  *********************************************** 

200  '  WRITE  A  SEQUENTIAL  MATRIX  TO  DISK 
210  '/////////////////// 
220  CLS 

:PRINT@ 448, "ENTER  FILENAME  OF  NEW  DATA  SET  — >  "; 

: INPUT  F$ 

:PRINT 

:PRINT"ENTER  DISK  DRIVE  #  WHERE  DATA  SHOULD  BE  SAVED  — >  "; 

: INPUT  DD$ 

:FF$=F$+"N:"+DD$ 

:L$=F$+"L: "+DD$ 

:F$=F$+"M:"+DD$ 

225  FOR  JQ=lTOC 

:IF  LEN(N$(JQ) )=0  THEN  N$ ( JQ) =STR$ ( JQ) 

226  NEXT 

230  OPEN  "0",1,FF$ 

:PRINT#1,R;C; 

:CLOSEl 
240  OPEN  "0,,,1,F$ 

250  FORI=lTOR 

:FORJ=lTOC 

:PRINT#l,A(Ir J) ; 

:NEXTJ,I 
260  CLOSE  1 
265  OPEN"0",l,L$ 

:FORI=lTOC 

:PRINT#lfN$(I) ;"  ,  "; 

:NEXT 

: CLOSE 
270  RETURN 
29  0  R EM  *************************************************** 

295  REM  SUBROUTINE  INPUT 
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300 
305 
325 
335 
340 
345 
350 


355 
365 
370 
375 
380 


385 
390 
395 
400 
430 
435 
440 
445 
450 
455 
460 
500 
510 

515 
517 

525 
535 
540 


545 


555 
560 
565 
570 
575 
580 

585 


■1.  THIS  SUB  READS  FROM  THE  KEYBOARD 

■2.  MATRIX  A  IS  LOADED  AND  CAN  BE  SAVED  ON  DISK 

'6.  14-APR-79 

R EM  *************************************************** 

CLS 

INPUT  "PLEASE  ENTER:  NO.  ROWS  AND  COLS  (R,C). — >  " ;R,C 

FL=8 

PRINT 

FOR  J=lTOC 

PRINT" ENTER  THE  NAME  FOR  VARIABLE  ";J;"  — > 

GOSUB15 

N$(J)=IN$ 

PRINT 

NEXT 
CLS 

FOR  1=1  TO  R 
PRINT  "ROW  " ;I 
FOR  J=l  TO  C 
FL=-12 
: PRINT  "PLEASE  ENTER:   VALUE  OF  COLUMN  " ;J"  — >  "; 
:GOSUB  15 
PRINT 

A(I, J)=VAL(IN$) 
NEXT  J 
NEXT  I 
RETURN 

END 
*************************************************** 

SUBROUTINE  VIDEO 

DISPLAYS  MATRIX  A(R,C),13  ROWS  BY  4  COLUMNS  AT  ONCE 

USES  ARROWS  IN  ALL  DIRECTIONS  TO  SEE  DIFFERENT  PAGES 

OF  DATA.   "CLEAR"  WILL  TERMINATE  DISPLAY 
****************************************************** 

CLS 

:IFR=0  OR  C=0  THEN  RETURN  ELSE  JJ=INT(C/4 . 1+1 ) 
IFINT(R/13)=R/13THENII=R/13ELSEII=INT(R/13+1) 
1=1 

:J=1 

IF  R-13*I>=0.0  THEN  N=13  ELSE  N=13+ (R-13*I ) 
IF  C-4*J>=0.0  THEN  L=4  ELSE  L=4+(C-4*J) 
CLS 

: PRINT "COL:" ; 

:FOR  KK=0TO(L-l) 

:PRINT  TAB(14*KK+8)  N$  (  (KK  +  D+4*  ( J-l)  )  ; 
NEXT  KK 

:PRINT 


550  PRINT' 


FOR  M=l  TO  N 

PRINT  "R";M+13*(I-D  ;  ":"; 
FOR  K=l  TO  L 

A=A(M+13*(I-1) ,K+4*(J-1) ) 
PRINT  TAB(14*(K-l)+8)  A; 
NEXT  K 

:PRINT 
NEXT  M 
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586  A$=INKEY$ 

:IFA$=""GOT058  6 

587  IF  ASC(A$)=31THEN619ELSEIFASC(A$)=9THEN588ELSE590 

588  IFJ+1>JJTHENJ=1ELSEJ=J+1 

589  GOTO  525 

590  IF  ASC(A$)=8THEN591ELSE59  3 

591  IF  J-K=0THENJ=JJ  ELSE  J=J-1 

592  GOTO  525 

593  IF  ASC(A$)=10THEN594ELSE596 

594  IF  I+l>IITHENI=lELSEI=I+l 

595  GOTO  525 

596  IF  ASC(A$)=91THEN597ELSE601 

597  IF  I-K=0THENI=IIELSEI=I-1 

598  GOTO  525 

601  IF  ASC(A$)=46  THEN  GOSUB  50  ELSE  618 

602  GOTO  525 

618  GOT0586 

619  RETURN 

:END 
6  20  ' ************************************************** 

622  'LINEPRINTER  OUTPUT  ROUTINE 

623  IF  R=0  OR  C=0  THEN  RETURN 

624  AN$="DATA  SET  NAME  — >  " 
CLS 

PRINT@  448 , "PRESS  <ENTER>  WHEN  PRINTER  IS  READY."; 
INPUT  AN 

626  PRINT 

:PRINT"PLEASE  ENTER  NAME  OF  DATA  SET  — >  "; 

:FL=20 

:G0SUB15 

:T$=AN$+IN$ 

:PRINT 

:PRINT 

:GOSUB42000 

:LPRINT  TAB(ZZ) ;IN$ 

:LPRINT"  " 

:LPRINT"  " 
630  JJ=INT(C/4.1+1) 

:II=INT(R/200.1+1) 
632  FORI=lTOII 

634  IFR-200*I>=0.0THENN=200ELSEN=200+(R-200*I ) 
6  36  FORJ=lTOJJ 

638  IFC-4*J>=0.0THENL=4ELSE  L=4+(C-4*J) 
640  LPRINT"COL: " ; 

:FORKK=0TO(L-l) 

:LPRINT  TAB(14*KK  +  8)  N§  (  (KK  +  D+4*  ( J-l)  )  ; 
642  NEXT  KK 
644  LPRINT"  " 
646  LPRINT" 


648  FOR  M=lTON 

650  LPRINT  "R";M+200* (1-1) ;":"; 

652  FOR  K=lTO  L 

654  A=A(M+200*(I-1) ,K+4* (J-l) ) 

656  LPRINT  TAB ( 14* (K-l ) +8 )  A; 

658  NEXT  K 
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660 
662 
664 


666 
668 

670 


LPRINT 
NEXT  M 
LPRINT  "  " 
: LPRINT  "  " 
: LPRINT  "  " 
NEXT  J,  I 
RETURN 
CLS 

:PRINT@448, "THE  CURRENT  DATA  MATRIX  IN  MEMORY  WILL  BE  LOST, 
PRINT 

PRINT"DO  YOU  WISH  TO  (S)AVE  IT  OR  (C)ONTINUE  — >  "; 
FL=1 
:G0SUB15 

IFIN$=,,S"THENGOSUB19  0ELSEIFIN$="C"THEN68  0ELSE67  0 
RETURN 

40000  DIM  A(150,-20)  ,N$(20)  ,B(150,20) 
40015  MV=-99.99 
40020  RETURN 

CC=LEN(T$) 
ZZ=INT(30-CC/2) 
PRINT  TAB(ZZ) ;T$ 
RETURN 

•CENTERING  ROUTINE 
43000  END 


680 


42000 
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AFJf  UJNUlA  11.  source  code  listing  lor  program  MA1JN/BAS 

10  CLEAR  500 

TX=-i 

GOTO7  00 

'NUMERICAL  INFORMATION  MANIPULATION  SYSTEM   02/04/81 

69  5  RETURN 

7  00  i  *************************************************** 

710  'GENERALIZED  I/O  SUBROUTINES  FOR  PROGRAM  STARTERS 
7  20  '//////////////////// 
7  35  CLS 

:T$="NORTHERN  HARDWOODS  LABORATORY,  US  FOREST  SERVICE" 

:GOSUB42000 

7  36  T$= ■/////////////////////////////////////////////////////" 

:GOSUB42000 
737  PRINT 
7  38  T$="MENU  FOR:    NUMERICAL  INFORMATION  MANIPULATION  SYSTEM" 

739  GOSUB42000 

:PRINT 

740  IF  TX=-1  THEN  GOSUB  40000  ELSE  750 
7  50  TX=1 

: PRINT"   1.   RETURN  TO  MAIN  MENU  2.   GOTO  BASIC 

760  PRINT"   3.   READ  A  MATRIX  FROM  DISK      4.   WRITE  A  MATRIX  TO 

DISK 
77  0  PRINT"   5.   ENTER  A  MATRIX  MANUALLY      6.   DISPLAY  MATRIX  ON 

VIDEO 
780  PRINT"   7.   PRINT  MATRIX  8.   ALTER  MATRIX 

790  PRINT  TAB (2)  "9.   ADD/SUB  TWO  MATRICES "; TAB ( 33 )  "10.   SCALAR/ 

MATRIX  OPERATIONS" 
800  PRINT  TAB(l)  "11.   MATRIX  MULTIPLY "; TAB ( 3 3 )  "12.   TRANSPOSE  A 

MATRIX" 
810  PRINT  TAB(l)  "13.   INVERSE  OF  A  MATRIX" ; TAB ( 33 )  "14.   TRANSFO 

RM  DATA" 
820  PRINT  TAB(l)  "15.   CREATE  SPECIAL  MATRICES" ; TAB ( 33 )  "16.   ROW 

/COL  OPERATIONS" 
900  PRINT 

PRINT"SELECT  ONE  OF  THE  ABOVE  — >  "; 
FL=-2 
:GOSUBl5 
AN=VAL(IN$) 
IFAN<=0ORAN>16THEN7  40 
90  5  IF  R=0  OR  C=0  THEN  910  ELSE  IF  AN=1  OR  AN=2  OR  AN=3  OR  AN=5  0 

R  AN=8  OR  AN=11  OR  AN=13  OR  AN=14  OR  AN=16  THEN  GOSUB  670 
910  ON  AN  GOSUB  69  5,43000,130,220,340,510,620,930,6500,6900,960,7 

500,980,990,10100,1010 
9  20  GOTO  7  35 
9  30  RUN"ALTER/BAS" 

:END 
960  RUN"MATMULT/BAS" 

:END 
980  RUN"INVERSE/BAS" 

:END 
990  RUN"TRNSFORM/BAS" 

:END 
1010  RUN"ELEMOPS/BAS" 

:END 
6500  '  ****************************************************** 
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6504 
6508 
6512 
6513 
6532 


6534 
6536 


6560 
6570 
6580 
6590 
6600 
6602 

6604 


6614 
6616 

6630 
6640 
6650 
6652 
6654 
6656 
6660 
6670 
6680 
6690 
6700 


6900 
6902 
6904 
6906 
6908 
6910 
6930 


SUBROUTINE  ADDSUB 
•  1.  ADDS  B+C  OR  SUBTRACTS  B-C 
•2.   OUTPUTS  RESULTANT  AS  A 

'//////////////////// 
CLS 

PRINT"THIS  ROUTINE  ADDS  OR  SUBTRACTS  MATRICES." 

PRINT 

PRINT"PLEASE  ENTER:   (A)DD  MATRIX  B+C  OR  (S)UBTRACT   B-C  — >  "  ; 

FL=1 

GOSUB15 

IFIN$=,,A"THENS=1ELSEIFIN$  =  "S"THENS=2ELSE6532 
PRINT 
PRINT" ENTER  MATRIX  B  FROM  (1)  DISK  (2)  KEYBOARD  OR  (3)  ALREA 

DY  IN  MEMORY  — > 
:FL=-1 
:G0SUB15 
:AN=VAL(IN$) 

:ON  AN  GOSUB  130,340,6690 
1     LOAD  FIRST  MATRIX  INTO  B 
FOR  1=1  TO  R 
FOR  J=l  TO  C 
B(I,J)=A(I,J) 
NEXT  J, I 
RB=R 
:CB=C 
PRINT 
:INPUT"PLEASE  ENTER:  C  FROM  1=DISK,  2=KEYBOARD,  3=ALREADY  LOADED 

NN 

:ON  NN  GOSUB  130,340,6690 

IF  RBOR  OR  CBOC  THEN  6616  ELSE  6640 

PRINT"MATRICES  DO  NOT  CONFORM  TO  ADDITION/SUBTRACTION." 

:GOTO  6500 

1        ADDITION  ROUTINE 

FOR  1=1  TO  R 

FOR  J=l  TO  C 

IF  S=l  THEN  6660 

A(I,J)=B(I,J)-A(I,J) 

GOTO  6670 

A(I,J)=A(I,J)+B(I,J) 

NEXT  J, I 

PRINT 

RETURN 

FOR  1=1 TOR 

:FORJ=lTOC 

:A(I,J)=B(I,J) 

:NEXT  J, I 

:RETURN 
I************************************************* 

'        SUBROUTINE  SCAMULT 

MULTIPLIES  A  MATRIX  BY  A  SCALAR 
OUTPUTS  MATRIX  A  AS  A  RESULTANT 
H.M.  RAUSCHER      15-APR-79 
15-APR-79 
R=0  OR  C=0  THEN  RETURN 


'1 
'2 
•3 

■4 
IF 


'CHECK  FOR  NO  MATRIX  IN  MEMORY 
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5932  CLS 

:PRINT@448/ "ENTER  (M)ULTIPLY  OR  ( A)DD/SUBTRACT  BY  A  SCALAR  VALUE  - 

->  "; 

:  INPUT  A$ 

:IFA$="M,,THENIT=1ELSEIFA$="A"THENIT=2ELSEG0T069  3  2 
CLS 

IFIT=1THENPRINT@448, "ENTER  VALUE  OF  SCALAR  MULTIPLIER  — >  "  ; 

INPUTM 

ELSEIFIT=2THENPRINT@448, "ENTER  VALUE  (+/-)  OF  SCALAR  CONSTANT  TO 

ADD/SUBTRACT  — >  "; 
:INPUTAS 
:ELSE6935 
CLS 
:PRINT@448, "OPERATE  ON  A  SINGLE  (R)OW,  (C)OLUMN  OR  (A)LL  ELEMENTS 

— >  "; 

:INPUTA$ 

:IFA$="R"THENGOSUB8000ELSEIFA$="C"THENGOSUB810  0ELSEIFA$="A"THENGOS 
UB8200ELSE6940 
69  50  RETURN 

7500  '  **************************************************** 
7502  '  SUBROUTINE  TRANSPO 

7504  ' 1.   TRANSPOSES  A  MATRIX 
7  50  6  '2.   OUTPUTS  MATRIX  A 
7  508  '3.   CALLS  DISKREAD , KEYBOARD 
7510  '4.   H.M.  RAUSCHER         15-APR-79 
17512  '5.   15-APR-79 
7  520  IF  R=0  OR  C=0  THEN  RETURN 

: 'CHECK  FOR  NO  MATRIX  IN  MEMORY 
7560  FOR  1=1  TO  R 
7570  FOR  J=l  TO  C 
7580  B(J,I)=A(I,J) 
7590  NEXT  J, I 
7595  TE=R 

:R=C 

:C=TE 
7600  '     LOAD  RESULT  FROM  B  TO  A 
7610  FOR  1=  1  TO  R 
7620  FOR  J=l  TO  C 
7630  A(I,J)=B(I,J) 

7640  NEXT  J 

7641  NEXT  I 
7645  GOSUB7660 

: 'STANDARDIZE  COLUMN  NAMES 
7650  RETURN 
7660  FOR  I=lTOC 

N$(I)=STR$(I) 

NEXTI 

RETURN 
8000  CLS 

PRINT@448, "ENTER  ROW  NUMBER  TO  OPERATE  ON  — >  "  ; 

INPUT  I 

IFI>RORK1THEN800  0ELSE8010 
8010  FORJ=lTOC 

: I FA ( I , J ) =MVTHEN  801 5ELS  EI FI T=1THENA ( I , J ) =M* A ( I , J ) ELS  EA ( I , J ) =AS  +A ( I 

,J) 
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8015  NEXT J 
8020  RETURN 
8100  CLS 

PRINT@448, "ENTER  COLUMN  NUMBER  TO  OPERATE  ON  — >  "; 

INPUTJ 

IFJ>CORJ<1THEN8100ELSE8110 
8110  FORI=lTOR 

:IFA(I, J)=MVTHEN8115ELSEIFIT=1THENA(I, J )=M*A ( I , J ) ELSEA( I , J)=AS+A 

,J> 

8115  NEXT  I 
8120  RETURN 
8200  FORI=lTOR 

:FORJ=lTOC 

: IFA ( I , J ) =MVTHEN8  20  5ELSEI FIT=1THENA ( I , J ) =M*A ( I , J ) ELS  EA ( I , J ) =AS  +A 

,J) 

8205  NEXTJ,I 

8210  RETURN 

10100  ' **************************************************** 


10105 
10110 
10120 


10130 


'SUBROUTINE  TO  ENTER  SPECIAL  MATRICES 

'//////////////////// 

CLS 

PRINT@448, "WHICH  TYPE  OF  DATA  MATRIX  DO  YOU  WANT  TO  CREATE?" 

PRINTS  58 2, "DIAGONAL  MATRIX" 

PRINT@646, "MATRIX  WITH  ALL  ELEMENTS  THE  SAME  VALUE" 

X=580 

X0  =  2 

GOSUB3  6 

IFX=1THEN10140 

CLS 

PRINTS  448 , "ENTER  THE  ROW  DIMENSION  — >  " ; 

FL=-3 

GOSUB15 

R=VAL(IN$) 

PRINT 

PRINT"ENTER  THE  COLUMN  DIMENSION  — >  "; 

GOSUB15 

C=VAL(IN$) 

PRINT 

PRINT"ENTER  THE  VALUE  FOR  ALL  ELEMENTS  — >  "; 

FL=-12 

GOSUB15 

AA=VAL(IN$) 
10135  PRINT 

:PRINT"COMPUTATIONS  IN  PROGRESS." 

:FORJ=lTOC 

:N$(J)=STR$(J) 

:FORI=lTOR 

:A(I,J)=AA 

:NEXTI,J 

:RETURN 

CLS 

PRINT"LOAD  INTO  MEMORY  A  IXC  ROW  MATRIX  OF  DIAGONALS." 

PRINT 

PRINT" ENTER  MATRIX  FROM  (1)  DISK  (2)  KEYBOARD  OR  (3)  IN  MEM 

ORY  — >  " ; 


10140 
10145 
10147 
10150 
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: ENTER  MATRIX  FROM  (1)  DISK  (2) 

L=-1:G0SUB15:AN=VAL(IN$) :ON  AN 

IF  ROl  PRINT 

PRINT"MATRIX  IS  NOT  IXC . " 

PRINT 

GOTO10145 

R=C 
:FOR  1=1  TOR 
:FOR  J=l  TO  C 

B(I/J)=0 
:IF  I=J  THEN  B ( I , J ) =A( 1 , J ) 

NEXT  J 

NEXT  I 

'       LOAD  MATRIX  A 

FOR  1=1  TO  R 

FOR  J=l  TO  C 

A(I,J)=B(I, J) 

NEXT  J 

NEXT  I 

RETURN 

DIM  A(150,20) ,N$(20) ,B(150,20) 

MV=-99.99 

RETURN 

CC=LEN(T$) 

ZZ=INT(30-CC/2) 

PRINT  TAB(ZZ) ;T$ 

RETURN 

'CENTERING  ROUTINE 

END 


KEYBOARD    OR    (3)     IN    MEMORY    — >    ";:F 
GOSUB    130,340,10190 
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Afftjisuix  ill.  source  code  listing  lor  program  AUlHiK/UAS 

10  CLEAR  500 

TX=-1 

GOTO700 

■ALTER/BAS    VERSION  03/17/81 
69  5  RUN"MAIN/BAS" 

:END 
700  '  *************************************************** 
710  'GENERALIZED  I/O  SUBROUTINES  FOR  PROGRAM  STARTERS 
7  20  '////////////////// 

735  CLS 

:T$="NORTHERN  HARDWOOD  LABORATORY,  US  FOREST  SERVICE" 
:GOSUB42000 

736  T$="///////////////////////////////////////////////////////" 

:GOSUB42000 

:PRINT 
7  39  T$="MENU  FOR:       MATRIX  ALTERATION  ROUTINE" 

:GOSUB42000 

: PRINT 
740  IF  TX=-1  THEN  GOSUB  40000  ELSE  750 

7  50  TX=1 

: PRINT"   1.   RETURN  TO  MAIN  MENU  2.   GOTO  BASIC 

760  PRINT"   3.   READ  A  MATRIX  FROM  DISK  4.   WRITE  A  MATRIX  TO 

DISK 

770  PRINT"   5.   ENTER  A  MATRIX  MANUALLY  6.   DISPLAY  MATRIX  ON 

VIDEO 

780  PRINT  TAB (2)  "7.   PRINT  MATRIX" ; TAB ( 34 )  "8.   CHANGE  AN  ELEMEN 

rn  II 

790  PRINT  TAB(2)"9.   DELETE  A  COLUMN" ; TAB ( 33 )" 10 .   DELETE  A  ROW" 
800  PRINT  TAB(1)"11.   ADD  A  COLUMN" ; TAB ( 33 ) "12 .   ADD  A  ROW" 
810  PRINT  TAB (1)" 13.   ADD  FIXED  VALUE  ROW/COL" ; TAB ( 33 ) "14 .   CHANG 
E  R/C  TO  FIXED  VAL. " 

8  20  PRINT  TAB (1) "15.   MERGE  TWO  MATRICES "; TAB ( 33 ) "16.   SPLIT  A  MA 

TRIX" 
900  PRINT 

PRINT"SELECT  ONE  OF  THE  ABOVE  — >  "; 

FL=-2 

GOSUB15 

AN=VAL(IN$) 
905  IF  R=0  OR  C=0  THEN  910  ELSE  IF  AN=1  OR  AN=2  OR  AN=3  OR  AN=5  T 

HEN  GOSUB  670 
910  ON  AN  GOSUB  69  5,43000,130,220,340,510,620,4200,4500,4800,5100 

,5400,6000,609  0,7000,80  00 

9  20  GOTO  7  20 

4200  '        ALTER  ONE  ELEMENT  OF  A  MATRIX 

4201  CLS 

4210  INPUT  "PLEASE  ENTER:  LOCATION  OF  ELEMENT  TO  BE  CHANGED  (ROW, 

COL ) . " ; M , N 
4220  PRINT 

4230  PRINT  "MATRIX  (R,C)=  ( " ;M ; " , " ;N ; " ) =" ; A(M, N) 
4240  PRINT 
4250  INPUT  "PLEASE  ENTER:   NEW  VALUE  OF  ELEMENT. " ; Z 

:A(M,N)=Z 
4260  GOTO  5900 

4500  '       DELETE  ONE  COLUMN 

4501  CLS 


30 


4510  INPUT"PLEASE  ENTER:   COLUMN  TO  BE  DELETED. ";M 

4512  IF  M>C  PRINT"SORRY.  COLUMN  OUTSIDE  OF  RANGE."  ELSE' 4520 

4514  GOTO  4510 

4520  IF  M  <  C  GOTO  4540 

4530  C=C-1 

:GOTO  4600 
4540  FOR  J1=M  TO  C 
4550  FOR  11=1  TO  R 

4560  IF  J1=C  GOTO  4565  ELSE  GOTO  4570 
4565  C=C-1 

:GOTO  4600 
4570  A(I1,J1)=A(I1,J1+1) 
4580  NEXT  II 
4590  NEXT  Jl 
4  600  FOR  J=MTOC 

N$(J)=N$(J+1) 
NEXT 

:GOTO5900 
4610  STOP 

4800  '         DELETE  ONE  ROW 

4801  CLS 

4810  INPUT"PLEASE  ENTER:   ROW  TO  BE  DELETED. ";M 

4812  IF  M>R  PRINT"SORRY.  OUTSIDE  OF  RANGE."  ELSE  4820 

4814  GOTO  4810 

4820  IF  M  <  R  GOTO  4840 

4830   R=R-1 

.-GOTO  49  00 
4840  FOR  I=M  TO  R 
4850  FOR  J=l  TO  C 
4860  IF  I=R  GOTO  4830 
4870  A(I,J)=A(I+1,J) 
4880  NEXT  J 
4890  NEXT  I 
4900  GOTO  5900 
4910  STOP 

5100  '        ADD  A  COLUMN 

5101  CLS 

5105  PRINT"MATRIX  HAS  DIMENSIONS  (R, C ) = ( " ;R ; " , " ;C ; " ) " 
5107  FL=8 

PRINT 

PRINT"ENTER  THE  NAME  FOR  VARIABLE  ";C+1;"  — >  "; 

:G0SUB15 

:N$(C+1)=IN$ 

:PRINT 
5110  FOR  1=1  TO  R 

5120  PRINT"PLEASE  ENTER:  VALUE  OF  ROW  ";I;"  COLUMN  ";C+1; 
5130  INPUT  A(I,C+1) 
5140  NEXT  I 
5150  C=C+1 
5160  GOTO  5900 
5170  STOP 

5400  '  ADD  ONE  ROW 

5401  CLS 

5402  PRINT"A  ROW  MAY  NOT  BE  INSERTED  BETWEEN  OTHER  ROWS." 
5410  PRINT  "MATRIX  HAS  DIMENSIONS  (R, C ) = ( " ;R ; " , " ; C ; " ) " 
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5420 
5430 
5440 
5450 
5460 

5470 
5900 

6000 
6010 

6020 
6025 


VALUE  OF  ROW" ;R+1; "COLUMN"; J; 


6030 
6032 
6040 
6050 
6052 
6060 
6070 
6072 
6080 
6090 
6100 

6110 
6120 
6130 
6140 
6150 
6160 
6162 
6170 
6180 
7000 
7010 
7020 
7030 

7035 
7040 
7050 


FOR  J=l  TO  C 
PRINT"PLEASE  ENTER: 
INPUT  A(R+1,J) 
NEXT  J 
R=R  +  1 
:GOTO  5900 
STOP 
RETURN 

:  'TO  MAIN  MENUE 

1   CREATE  A  NEW  ROW  OR  COLUMN  WITH  FIXED  VALUE 
CLS 

: INPUT" ADD  A  (1)  ROW  OR  (2)  COLUMN  WITH  FIXED  VALUE"; EX 
INPUT"WHAT  IS  THE  NEW  VALUE" ;NV 
IFEX=2THENPRINT 
FL=8 

THE  NAME  FOR  VARIABLE 


;C+1; 


—  > 


THEN 
THEN 


EY=C 
EY=R 

A(R+1,I)=NV 
A(I,C+1)=NV 

R=R  +  1 
C=C  +  1 


ROW  OR  (2)  COLUMN"; EX 

CHANGED"; J 
ES 


PRINT"ENTER 

GOSUB15 

N$(C+1)=IN$ 

PRINT 

ELSE  6030 
IF  EX=1  THEN 
IF  EX=2  THEN 
FOR  I=lTOEY 
IF  EX=1  THEN 
IF  EX=2  THEN 
NEXT  I 
IF  EX=1 
IF  EX=2 
RETURN 

1   SET  PARTS  OF  ROWS  OR  COLUMNS  TO  PARTICULAR  VALUES 
CLS 

:INPUT"CHANGE  PORTIONS  OF  A  (1) 
INPUT"WHAT  IS  THE  NEW  VALUE" ; NV 
INPUT"WHICH  ROW/COLUMN  IS  TO  BE 
INPUT"BEGIN  CHANGE  AT  LOCATION". 
INPUT"END  CHANGE  AT  LOCATION" ;EF 
FOR  I=ES  TO  EF 
IF  EX=1  THEN  A(J,I)=NV 
IF  EX=2  THEN  A(I,J)=NV 
NEXT  I 

RETURN 
************************************************ 

'ROUTINE  TO  MERGE  TWO  MATRICES 

'A  IS  STORED  IN  MEMORY  ALREADY,  B  IS  LOADED  IN 

IF  R=0  OR  C=0  THEN  RETURN 

: 'CHECK  FOR  NO  MATRIX  IN  MEMORY 

CLS 

'TRANSFER  A — >B 

FORI =1 TOR 

:FORJ=lTOC 

:B(I,J)=A(I,J) 

:NEXTJ, I 

:RA=R 

:CA=C 

:FORJ=lTOC 
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(A)  MATRIX 
MATRIX  HAS 


HAS  DIMENSIONS 
DIMENSIONS  — > 


— >  " ;RA;" 
" ; RB ; "  BY 


IA 


BY 

;C 


OR 

FORJ=lTOC 

B(I,J)=A(I,J) 

NEXTJ , I 

RA=R 

CA=C 

FORJ=lTOC 

NB$(J)=N$(J) 

NEXTJ 
PRINT@256,"THE  CORE  MATRIX  IS  IN  MEMORY.  READ  THE  SECOND  MAT 

RIX  FROM  DISK. " 
GOSUB135 
:RB=R 
:CB=C 
CLS 

:PRINT@448, "THE  CORE 
PRINT"THE  SECOND  (B) 

B 
PRINT 

:INPUT"MERGE  A  WITH  B  BY  (1)  ROWS  OR  (2)  COLUMNS  — > 
IF  IA=1THEN7120ELSEIFIA=2THEN7  200ELSE7100 
C=FNMAX(CA,CB) 
:R=RA+RB 
: ' ROW  MERGE 
FORI=lTOR 
:FORJ=lTOC 

IF  K=RA  AND  J>CA  THEN 
IF  I>RA  AND  J<=CB  THEN 
IF  I>RA  AND  J>CB  THEN 
NEXT  J, I 

IF  C=CA  THEN  7300 
FOR  J=CA+1  TO  C 

N$(J)=STR$(J) 

NEXTJ 

GOTO7300 
R=FNMAX(RA,RB) 
:C=CA+CB 
: 'COLUMN  MERGE 
FORJ=lTOC 
:FORI=lTOR 

IF  J<=CA  AND  I>RA  THEN  B(I,J)=0 
IF  J>CA  AND  K=RB  THEN  B  ( I ,  J  )  =A  ( I ,  J-CA) 
IF  J>CA  AND  I>RB  THEN  B(I,J)=0 
NEXTI,J 
FORJ=CA+lTOC+CB 

NB$(J)=N$(J-CA) 

NEXT 

FORJ=lTOC 

N$(J)=NB$(J) 

NEXTJ 
FORI=lTOR 

FORJ=lTOC 

A(I,J)=B(I,J) 

NEXTJ, I 
RETURN 


;CA 


B(I,J)=0 

B(I,J)=A(I-RA,J) 
B(I,J)=0 
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8000 
8010 
8020 
8030 
8040 
8050 

8060 


8070 
8080 


8090 


8100 


8110 


8120 


8130 
40000 
40010 
40012 

40014 

40020 
42000 


43000 


I********************************************* 

'ROUTINE  TO  EXTRACT  ANY  PORTION  OF  A  MATRIX  OUT 

'OF  AN  EXISTANT  ONE  AND  DEFINE  IT  AS  AN  INDEPENDENT 

•MATRIX 

' ///////////////////////////// 

IF  R=0  OR  C=0  THEN  RETURN 

: 'CHECK  FOR  RESIDENCE  OF  A  MATRIX 

CLS 

PRINT@448, "THE  MATRIX  IN  MEMORY  HAS  "R"  ROWS  AND  "C"  COLUMNS 

PRINT 

PRINT"ENTER  THE  ROW, COLUMN  COORDINATES  OF  THE  UPPER  LEFT" 

PRINT"CORNER  OF  THE  NEW  MATRIX  (R,C)  — >  "  ; 

INPUT  RU,CU 
IF  RU<1  OR  RU>R  OR  CU<1  OR  CU>C  THEN  8060 
: ' ERROR  CHECK 
PRINT 

PRINT"ENTER  THE  ROW, COLUMN  COORDINATES  OF  THE  LOWER  RIGHT" 

PRINT"CORNER  OF  THE  NEW  MATRIX  (R,C)  — > 

INPUT  RL,CL 

IFRL<1  OR  RL>R  OR  RL<RU  OR  CL<1  OR  CL>C  OR  CL<CU  THEN  8080 

'ERROR  CHECK 
FORJ=lTOC 

NB$(J)=N$(J) 

NEXT 

'PRESERVE  COLUMN  NAMES 
FORI=RUTORL 

FORJ=CUTOCL 

B ( I -RU+ 1 , J -CU+1 ) =A ( I , J ) 

NEXTJ , I 

C=CL-CU+1 

R=RL-RU+1 

'EXTRACT  NEW  MATRIX 
FORJ=lTOC 

N$(J)=NB$(CU+J-1) 

NEXTJ 

'RETAIN  COLUMN  NAMES 
FORI=lTOR 

FORJ=lTOC 

A(I, J)=B(I, J) 

NEXTJ , I 

'LOAD  NEW  MATRIX  INTO  A() 
RETURN 

DIM  A (370, 2) ,N$<20) ,B(370, 2) ,NB$(20) 

MV=-99.99 

DEF  FNMIN(A,B)=(A+B-ABS(A-B) )/2 
: 'MINIMUM  OF  A,B 

DEF  FNMAX(A,B)=(A+B+ABS(A-B) )/2 
: 'MAXIMUM  OF  A,B 

RETURN 

CC=LEN(T$) 

ZZ=INT(30-CC/2) 

PRINT  TAB(ZZ ) ;T$ 

RETURN 

'CENTERING  ROUTINE 

END 
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APPENDIX  IV.  Source  code  listing  for  program  MATMULTYBAS 

10  CLEAR  500 

TX=-1 

GOTO7  00 

'MATMULT/BAS   VERSION   02/04/81 
69  5  RUN"MAIN/BAS" 

:END 
700  '  *************************************************** 
710  'GENERALIZED  I/O  SUBROUTINES  FOR  PROGRAM  STARTERS 
7  20  '//////////////////// 

735  CLS 
:T$="NORTHERN  HARDWOODS  LABORATORY,  US  FOREST  SERVICE" 
:GOSUB42000 

736  T$="/////////////////////////////////////////////////////" 
:GOSUB42000 
:PRINT 

7  39  T$="MENU  FOR:      MATRIX  MULTIPLICATION  ROUTINE" 

:GOSUB42000 

:PRINT 
740  IF  TX=-1  THEN  GOSUB  40000  ELSE  750 
7  50  TX=1 

: PRINT"   1.   RETURN  TO  MAIN  MENU  2.   GOTO  BASIC 

760  PRINT"   3.   READ  A  MATRIX  FROM  DISK      4.   WRITE  A  MATRIX  TO 

DISK 
770  PRINT"   5.   ENTER  A  MATRIX  MANUALLY      6.   DISPLAY  MATRIX  ON 

VIDEO 
780  PRINT  TAB(2)  "7.   PRINT  MATRIX" ; TAB ( 34 )  "8.   MATRIX  MULTIPLY" 

900  PRINT 

PRINT"SELECT  ONE  OF  THE  ABOVE  — >  "; 

FL=-1 
:G0SUB15 

AN=VAL(IN$) 
905  IF  R=0  OR  C=0  THEN  910  ELSE  IF  AN=1  OR  AN=2  OR  AN=3  OR  AN=5  T 

HEN  GOSUB  670 
910  ON  AN  GOSUB  69  5,43000,130,220,340,510,620,7  300 
9  20  GOTO  7  20 

7300  ' ************************************************** 

7301  '  SUBROUTINE  MATMULT 

7302  '1.   MULTIPLIES  MATRIX  B*A 
7  30  3  '2.   CALLS  SUB  READISK , KEYBOARD 

7304  '3.   OUTPUTS  MATRIX  A 

7305  M.   H.M.  RAUSCHER        15-APR-79 

7306  '5.   15-APR-79 
7310  IF  R=0  OR  C=0  THEN  RETURN 

: 'CHECK  OF  MATRIX  IN  MEMORY 
7320  CLS 

PRINT@128, "THE  ORDER  OF  MULTIPLICATION  IS  B  *  A." 
PRINT 

PRINT"MATRIX  B  IS  ALREADY  IN  MEMORY." 
7330  RB=R 

:CB=C 
7  3  32  FOR  I=lTOR 
:FORJ=lTOC 
:B(I,J)=A(I,J) 
:NEXT  J, I 
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A  FROM  (1)  DISK  (2)  KEYBOARD  OR  (3)  IN  MEMORY  — > 


7335  PRINT 

PRINT 

PRINT" ENTER 

FL=-1 

GOSUB15 

AN=VAL(IN$) 

ON  AN  GOSUB  130,340,7480 
7  340  '      TEST  FOR  CONFORMITY 
7345  IF  CB=R  GOTO  7444  ELSE  7350 
7  350  PRINT"MATRICES  NOT  CONFORMABLE 

FOR  1=1  TO  1000 

NEXT  I 

RETURN 

7442  '       MULTIPLICATION  ROUTINE 
7  444  FOR  1=1  TO  RB 
7  44  6  FOR  J=l  TO  C 
7448  S=0 

7450  FOR  K=l  TO  CB 
7452  S=S+B(I,K)*A(K,J) 
7454  NEXT  K 
7456  C(I,J)=S 
7458  NEXT  J, I 

7  460  '        RELOAD  C  TO  A 
7462  FOR  1=1  TO  RB 
7464  FOR  J=l  TO  C 
7466  A(I,J)=C(I,J) 
7468  NEXT  J, I 
7  47  0  R=RB 

FORI=lTOC 

N$(I)=STR$(I) 

NEXTI 
7  480  RETURN 
40000  DM=45 

:DIM  N$(DM) ,A(DM,DM) ,B(DM,DM) ,C(DM,DM) 
40010  MV=-99.99 
40020  RETURN 
42000  CC=LEN(T$) 

:ZZ=INT( 30-CC/2) 
: PRINT  TAB(ZZ) ;T$ 
: RETURN 

t'CENTERING  ROUTINE 
43000  END 


FOR  MULTIPLICATION. 
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APPENDIX  V.  Source  code  listing  for  program  INVERSE/BAS 

10  CLEAR  500 

TX=-1 

GOTO7  00 

'INVERSE/BAS   VERSION  02/05/81 
69  5  RUN"MAIN/BAS" 

:END 
700  *  *************************************************** 
710  'GENERALIZED  I/O  SUBROUTINES  FOR  PROGRAM  STARTERS 
7  20  '///////////////// 

735  CLS 

:T$="NORTHERN  HARDWOODS  LABORATORY,  US  FOREST  SERVICE" 
:GOSUB42000 

736  T$="/////////////////////////////////////////////////////" 

:GOSUB42000 
.•PRINT 

739  T$="MENU  FOR:     MATRIX  INVERSION  ROUTINE" 

:GOSUB42000 
:PRINT 

740  IF  TX=-1  THEN  GOSUB  40000  ELSE  750 
750  TX=1 

:PRINT"   1.   RETURN  TO  MAIN  MENU 
760  PRINT"   3.   READ  A  MATRIX  FROM  DISK 

DISK 
770  PRINT"   5.   ENTER  A  MATRIX  MANUALLY 

VIDEO 
780  PRINT  TAB(2)  "7.   PRINT  MATRIX" ;TAB ( 34 )  "8.   MATRIX  INVERSION 


2.   GOTO  BASIC 
4.   WRITE  A  MATRIX  TO 

6.   DISPLAY  MATRIX  ON 


900  PRINT 

:PRINT"SELECT  ONE  OF  THE  ABOVE  — >  "; 

:FL=-1 

:G0SUB15 

:AN=VAL(IN$) 
905  IF  R=0  OR  C=0  THEN  910  ELSE  IF  AN=1  OR  AN=2  OR  AN=3  OR  AN=5  T 

HEN  GOSUB  670 
910  ON  AN  GOSUB  69  5,43000,130,220,340,510,620,8500 
9  20  GOTO  7  20 

8  500  R EM  ************************************************ 
8510  REM       SUBROUTINE  FOR  MATRIX  INVERSION 


8520 
8530 
8540 
8550 

8560 
8570 
8580 
8590 

8600 
8610 
8620 
8630 
8640 

8650  ' 


EMPLOYS  GAUSS -JORDAN  ELIMINATION  WITH  COLUMN 
SHIFTING  TO  MAXIMIZE  PIVOT  ELEMENTS. 

INPUTS 

A(I,I)  MUST  BE  A  SQUARE,  NONSINGULAR  MATRIX 
N  =  ORDER  OF  MATRIX 

OUTPUTS 

A(N,N)  CONTAINS  THE  INVERSE 

DETM   CONTAINS  THE  DETERMINANT 

DTNRM   CONTAINS  MAGNITUDE  OF  DET/EUCLIDI AN  NORM 

NOTE 

THIS  ROUTINE  TESTS  FOR  A  SINGULAR  MATRIX 

AND  PRINTS  AN  ERROR  OUT  IF  A(N,N)  IS  SINGULAR 
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8655  'SOURCE 

:  HORNBECK,  R.W.  197  5.  NUMERICAL  METHODS.  P. 295 
8  660  R EM  ************************************************** 
8670  IF  R=0  OR  C=0  THEN  RETURN 

: 'CHECK  FOR  MATRIX  IN  MEMORY 
8680  CLS 

8700  IF  ROC  GOTO  9500  ELSE  N=R 
8702  CLS 

:PRINT@  520,"PLEASE  BE  PATIENT.   I  AM  COMPUTING." 
8710  PD=1.0 

87  20  FOR  L=l  TO  N 
8730  DD=0 

8740  FOR  K=l  TO  N 

8750  DD=DD+A(L,K)*A(L,K) 

8760  NEXT  K 

8770  DD=SQR(DD) 

8780  PD=PD*DD 

8790  NEXT  L 

8800  DETM=1.0 

8  810  FOR  L=l  TO  N 

8820  J(L+20)=L 

88  30  NEXT  L 

8  8  40  FOR  L=l  TO  N 
8850  CC=0.0 

8860  M=L 

887  0  FOR  K=L  TO  N 

8880  IF( (ABS(CC)-ABS(A(L,K) ) )  >  0.0)  GOTO  8910 

88  9  0  M=K 

8900  CC=A(L,K) 

8910  NEXT  K 

8920  IF  L=M  GOTO  9010 

8930  K=J(M+20) 

8940  J(M+20)=J(L+20) 

8950  J(L+20)=K 

8960  FOR  K=l  TO  N 

8970  S=A(K,L) 

8980  A(K,L)=A(K,M) 

8990  A(K,M)=S 

9000  NEXT  K 

9010  A(L,L)=1.0 

9020  DETM=DETM*CC 

9030  FOR  M=l  TO  N 

9039  ON  ERROR  GOTO  9380 

9040  A(L,M)=A(L,M)/CC 
9050  NEXT  M 

9  0  60  FOR  M=l  TO  N 
9070  IF  L=M  GOTO  9140 
9080  CC=A(M,L) 

9090  IF  CC=0.0  GOTO  9140 

9100  A(M,L)=0.0 

9110  FOR  K=l  TO  N 

9120  A(M,K)=A(M,K)-CC*A(L,K) 

9130  NEXT  K 

9140  NEXT  M 

9150  NEXT  L 
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9160  FOR  L=l  TO  N 

9170  IF  J(L+20)  =  L  GOTO   9290 

9180  M=L 

9190  M=M+1 

9200  IF  J(M+20)  =  L  GOTO  9220 

9210  IF  N  >  M  GOTO  9190 

9220  J(M+20)=J(L+20) 

9230  FOR  K=l  TO  N 

9240  CC=A(L,K) 

9250  A(L,K)=A(M,K) 

9260  A(M,K)=CC 

9  270  NEXT  K 

9280  J(L+20)=L 

9290  NEXT  L 

9  300  DETM=ABS(DETM) 

9  310  DTNRM=DETM/PD 

9311  CLS 

9312  IF  DETM=0.0  GOTO  9370 

9320  PRINT"THE  DETERMINANT  =  ";DETM 

9321  PRINT 
:FORI=lTOC 
:N$(I)=STR$(I) 
:NEXTI 

9322  GOTO  9435 
9324  END 

9370  '       ROUTINE  TO  HANDLE  A  SINGULAR  MATRIX 

9380  CLS 

9390  PRINT"I  AM  SORRY.   MATRIX  A   IS  SINGULAR." 

9400  PRINT"A  SINGULAR  MATRIX  HAS  NO  UNIQUE  INVERSE." 

9410  PRINT"IF  YOU  MUST  GET  AN  INVERSE, OBTAIN  A  PROGRAM" 

9420  PRINT"WHICH  CAN  CALCULATE  THE  PSEUDO-INVERSE  OF  A" 

9430  PRINT"SINGULAR  MATRIX. 

9435  PRINT 

9436  PRINT"PLEASE  DEPRESS  ANY  KEY  TO  RETURN  TO  MENUE." 

9437  A$=INKEY$ 

:IF  A$<>""  RETURN  ELSE  9437 
9450  END 

9  500  '      ERROR  DUE  TO  NON-SQUARE  MATRIX 

9  510  PRINT"I  AM  SORRY.   MATRIX  ";N4;"  IS  NOT  SQUARE  AND" 
9520  PRINT"CONSEQUENTLY  CANNOT  BE  INVERTED." 
9522  PRINT"PLEASE  DEPRESS  ANY  KEY  TO  CONTINUE." 
9524  A$=INKEY$ 

:IF  A$=""  THEN  9524 
9526  RETURN 
40000  DM=50 

:DIM  A (DM, DM) ,B(DM,DM) ,N$(DM) ,J(120) 
40010  MV=-99.99 
40020  RETURN 
42000  CC=LEN(T$) 

ZZ=INT( 30-CC/2) 
PRINT  TAB(ZZ ) ;T$ 
RETURN 

■CENTERING  ROUTINE 
43000  END 
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APPENDIX  VI.  Source  code  listing  for  program  TRNSFORM/R* 

1  n  r-r  pad  ^.nn 


w 


736 


739 


74 

75 

76 

77 

78 
79 
80 
81 


900 


90 
90 


VERSION  02/04/81 


10  CLEAR  500 

TX=-1 

GOTO700 

•TRNSFORM/BAS 
695  RUN"MAIN/BAS" 

:END 
7  00  ' ****************************************** 
710 
720 
735 


********* 


•GENERALIZED  I/O  SUBROUTINES  FOR  PROGRAM  STARTERS 

'//////////////////// 
CLS 

:T$="NORTHERN  HARDWOODS  LABORATORY,  US  FOREST  SERVICE" 

:GOSUB42000 

T$=" ////////////////////////////////////////////// //////" 

:GOSUB42000 

:PRINT 
T$="MENU  FOR: 

:GOSUB42000 

:PRINT 
IF  TX=-1  THEN 
TX=1 

:PRINT"   1. 


MATRIX  DATA  TRANSFORMATION  ROUTINE" 


GOSUB  40000  ELSE  750 


3. 

5. 


RETURN  TO  MAIN  MENU 
READ  A  MATRIX  FROM  DISK 


GOTO  BASIC 
WRITE  A  MATRIX 


TO 


ENTER  A  MATRIX  MANUALLY 


DISPLAY  MATRIX  ON 

ABSOLUTE  VALUE" 
EXPONENTIATION" 

TAB(33)"12.   SQUARE  ROOT" 

LOGARITHM"; TAB (33) "14.   BASE  10  LOG 


PRINT  MATRIX" ; TAB (34)  "8 
INTEGER  VALUE" ; TAB (33) "10 
POWERS" ; 
NATURAL 


PRINT" 

DISK 
PRINT" 

VIDEO 
PRINT  TAB(2)  "7. 
PRINT  TAB (2) "9. 
PRINT  TAB(l) "11. 
PRINT  TAB (1)" 13. 

S" 
PRINT 

PRINT"SELECT  ONE  OF  THE  ABOVE  — >  "; 
FL=-2 
GOSUB15 
AN=VAL(IN$) 
AN>5  AND  R=0  THEN  735 

910  ELSE  IF  AN=1  OR  AN=2  OR  AN=3  OR  AN=5  T 


IF 


IF  R=0  OR  C=0  THEN 
HEN  GOSUB  670 
910  ON  AN  GOSUB  69  5,43000,130,220,340,510,620,10000,10040,10090,1 

0140,10200,10250,10300 
920  GOTO  720 
10000  FOR  1=1  TO  R 

:FOR  J=l  TO  J 
10010  A(I,J)=ABS(A(I,J) ) 
10020  NEXT  J, I 
10030  GOTO  10350 
10040  '  TAKE  INTEGER  VALUES 
10050  FOR  1=1  TO  R 

:FOR  J=l  TOC 
10060  A(I,J)=INT(A(I,J) ) 
10070  NEXT  J, I 
10080  GOTO  10350 
10090  '     EXPONENTIATE 
10100  FOR  1=1  TO  R 

:FOR  J=l  TO  C 
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[L0110    A(I,J)=EXP(A(I, J)  ) 

|L 0 1 2 0    NEXT   J, I 

jL 0 1 3 0    GOTO    10350 

JL0140     '  POWERS 

110150    INPUT"PLEASE    ENTER:    POWER    OF    A[X";X 

L0160    FOR    1=1    TO   R 

:FOR  J=l  TOC 
10170  A(I,J)=A(I,J) [X 
JL0180  NEXT  J, I 
10190  GOTO  10350 
J10200  '    SQUARE  ROOT 
10210  FOR  1=  1TO  R 

:FOR  J=l  TO  C 
L0220  A(I,J)=SQR(A(I,J) ) 
10230  NEXT  J, I 
10240  GOTO  10350 
10250  '    NATURAL  LOGS 
10260  FOR  1=1  TO  R 

:FOR  J=l  TOC 
jL 0 2 7 0  A(I,J)=LOG(A(I,J)  ) 
10280  NEXT  J,I 
10290  GOTO  10350 
10300  '     BASE  10  LOGS 
10310  FOR  1=1  TO  R 

:FOR  J=l  TO  C 
10320  A(I,J)=  LOG(A(I,J) ) /LOG (10) 
10330  NEXT  J, I 
10350  RETURN 

40000  DIM  A(150,20) ,N$(20) ,B(150,20) ,SV(20) 
10010  MV=-99.99 
10020  RETURN 
12000  CC=LEN(T$) 

:ZZ=INT(30-CC/2) 

: PRINT  TAB(ZZ) ;T$ 

: RETURN 

: 'CENTERING  ROUTINE 
13000  END 
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APPENDIX  VII.  Source  code  listing  for  program  ELEMOPS/BA 

10  CLEAR  500 
TX=-1 

:GOTO700 
'  ELEMOPS/BAS    VERSION  02/04/81 
69  5  RUN"MAIN/BAS" 

:END 
700  ' *************************************************** 
710  'GENERALIZED  I/O  SUBROUTINES  FOR  PROGRAM  STARTERS 
7  20  '//////////////////// 
7  35  CLS 

:T$="NORTHERN  HARDWOODS  LABORATORY,  US  FOREST  SERVICE" 

:GOSUB42000 

736  T$="////////////////////////////////////////////////////" 

:GOSUB42000 

:PRINT 
7  39  T$="MENU  FOR:    ELEMENTARY  ROW/COLUMN  OPERATIONS  ROUTINE" 

:GOSUB42000 

:PRINT 
740  IF  TX=-1  THEN  GOSUB  40000  ELSE  750 
7  50  TX=1 

: PRINT"   1.   RETURN  TO  MAIN  MENU  2.   GOTO  BASIC 

760  PRINT"   3.   READ  A  MATRIX  FROM  DISK      4.   WRITE  A  MATRIX  TO 

DISK 
770  PRINT"   5.   ENTER  A  MATRIX  MANUALLY      6.   DISPLAY  MATRIX  ON 

VIDEO 
780  PRINT  TAB (2)  "7.   PRINT  MATRIX" ; TAB ( 34 )  "8.   FLIP  TWO  ROWS" 
79  0  PRINT  TAB (2) "9.   FLIP  TWO  COLUMNS" ; TAB ( 33 )" 10 .   ROW  *  SCALAR" 

800  PRINT  TAB (1)" 11.   COLUMN  *  SCALAR" ; TAB ( 33 )" 12 .   ROW  +  SCALAR 

*  ROW" 
810  PRINT  TAB(1)"13.   COL  +  SCALAR  *  COL" ; TAB ( 33 ) "14 .   (ROW  OR  CO 

L)  /  ELEMENT" 
900  PRINT 

:PRINT"SELECT  ONE  OF  THE  ABOVE  — >  " ; 

:FL=-2 

:G0SUB15 

:AN=VAL(IN$) 

:CLS 
903  IF  AN>5  AND  R=0  THEN  735 
905  IF  R=0  OR  C=0  THEN  910  ELSE  IF  AN=1  OR  AN=2  OR  AN=3  OR  AN=5  T 

HEN  GOSUB  670 
910  ON  AN  GOSUB  69  5,43000,130,220,340,510,620,1580,1660,1740,1800 

,1860,1940,2100 
920  GOTO  720 

1580  '    INTERCHANGE  TWO  ROWS 

1600  INPUT"PLEASE  ENTER:  ROWS  TO  BE  INTERCHANGED  (X,Y)";F,T 
1610  FOR  J=l  TO  C 
1620  TEMP=A(T,J) 

:A(T,J)=A(F,J) 

:A(F,J)=TEMP 
1630  NEXT  J 
1640  GOTO  2000 
1650  END 

1660  '       INTERCHANGE  ANY  TWO  COLUMNS 
1680  INPUT"PLEASE  ENTER:  COLS  TO  BE  INTERCHANGED  (X,Y)";F,T 
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1690 
1700 


1710 
1715 


1720 
1730 
1740 
1760 
1770 


1780 
1790 
1800 
1820 
1830 


1840 
1850 
1860 
1880 
1890 
1900 
1910 
1920 
1930 
1940 
1960 
1970 
1980 
1990 
2000 
2010 
2100 
2110 
2120 
2130 

2140 
2150 

2160 
2170 
2180 


2190 
2200 


A  ROW 
R2  + 


MULTIPLIED  BY  A  K  TO  ANOTHER 
K  *  Rl    (R2,K,R1)";R2,K,R1 


FOR  1=1  TO  R 
TEMP=A(I,T) 
:A(I,T)=A(I,F) 
:A(I,F)=TEMP 
NEXT  I 
TR$=N$(T) 
:N$(T)=N$(F) 
:N$(F)=TR$ 
GOTO  2000 
END 

'         MULTIPLY  A  ROW  TIMES  A  CONSTANT 

INPUT" PLEASE  ENTER:  ROW  AND  CONSTANT  MULTIPLIER  (R,K)" ;RR,K 
FOR  J=l  TO  C 
:A(RR,J)=K*A(RR,J) 
:NEXT  J 
GOTO  2000 
END 

'      MULTIPLY  A  COLUMN  BY  A  CONSTANT 

INPUT"PLEASE  ENTER:  COL  AND  CONSTANT  MULTIPLIER  (C,K)";CC,K 
FOR  1=1  TO  R 
:A(I,CC)=K*A(I,CC) 
:NEXT  I 
GOTO  20  0  0 
END 

1  ADDITION  OF 
INPUT"PLEASE  ENTER 
FOR  J=l  TO  C 

A(R2,J)=A(R2,J)+K*A(R1,J) 
NEXT  J 
GOTO  2000 
END 

'     ADDITION  OF  A  COL  MULTIPLIED  BY  A  K  TO  ANOTHER 
INPUT"PLEASE  ENTER:  C2  +  K  *  Cl  (C2,K ,C1 ) " ;C2,K ,C1 
FOR  1=1  TO  R 

A(I,C2)=A(I,C2)+K*A(I,C1) 
NEXT  I 
RETURN 
END 
REM**  **************************************** 

REM  ROUTINE  TO  DIVIDE  A  ROW/COL  BY  AN  ELEMENT 

REM 

RR  =  1 

:INPUT"DO 

IF  A$="C" 

INPUT"PLEASE 

;K 

IF  RR=2  GOTO   2190 

IF  K>0  AND  K<=R  GOTO 

PRINT"SELECTION 

:PRINT 

:GOTO  2150 

IF  K>0  AND  K<=C 

PRINT"SELECTION 

:PRINT 

:GOTO  2150 


YOU  WISH  TO  OPERATE  ON  A  ROW  (R)  OR  A  COLUMN  (C)";A$ 
THEN  RR=2 

ENTER:  WHICH  ROW/COL  DO  YOU  WISH  TO  OPERATE  ON" 


2210 
"  ;K;"IS  NOT 


GOTO   2210 
"  ;K;"IS  NOT 


A  ROW.  PLEASE  TRY  AGAIN. 


A  COLUMN.  PLEASE  TRY  AGAIN. 
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2210    INPUT"GIVE    COORDINATES    OF    ELEMENT    THAT    WILL    BE    THE    DIVISOR     ( 

I,J)";A,B 
2220    IF    A>0    AND    B>0    AND    A<=R    AND    B<=C    GOTO    2250 
2230    PRINT"THE   MATRIX    HAS    ";R;"    ROWS    AND    ";C;"    COLUMNS." 
2240    PRINT"PLEASE    SELECT    I    AND    J    WITHIN    THESE    BOUNDS." 

:PRINT 

:GOTO    2210 
2250    TE=A(A,B) 

:IF    RR=2    GOTO    2280 
2260    FOR    1=1    TO   C 

:A(K,I)=A(K,I)/TE 

:NEXT    I 
2270    RETURN 
2280    FOR    1=1    TO    R 

:A(I,K)=A(I,K)/TE 

.-NEXT    I 
2  230    RETURN 
2300    END 
10000    FOR    11=1    TO    1000 

:NEXT    II 

:RETURN 
40000    DIM    A(150, 20) ,N$(20) ,B(150,20) ,NB$(20) 
40015   MV=-99.99 
40020    RETURN 
42000    CC=LEN(T$) 

ZZ=INT(30-CC/2) 
PRINT    TAB(ZZ) ;T$ 
RETURN 

'CENTERING    ROUTINE 
43000    END 
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GENERAL  LINEAR  MODEL— REGRESSION 


Harald  M.  Rauscher,  Research  Forester, 
Grand  Rapids,  Minnesota 


GENERAL  INFORMATION 
Identification 

Name:  General  Linear  Model-Regression 

(GLMR) 
Location      North  Central  Forest  Exp.  Station 

1831  Highway  169  East 

Grand  Rapids,  MN  55744 
Language:  Microsoft  BASIC 
Computer:  Radio  Shack  TRS-80  Microcomputer1 

Summary 

General 

The  general  linear  model  regression  (GLMR)  pro- 
gram provides  the  microcomputer  user  with  a  so- 
phisticated regression  analysis  capability.  GLMR  is 
a  member  of  the  SPS  family  of  programs  (Buhyoff  et 
al.  1980).  It  provides  the  utmost  generality  regard- 
ing choice  of  models.  The  output  provides  a  regres- 
sion ANOVA  table,  estimators  of  the  regression  model 
coefficients,  their  confidence  intervals,  confidence  in- 
tervals around  the  predicted  Y-values,  residuals  for 
plotting,  a  check  for  multicollinearity,  a  check  for 
autocorrelation,  and  the  scaled  regression  coeffi- 
cients. A  plotting  routine  is  part  of  the  regression 
program  to  facilitate  quick  plotting  of  residuals. 


lMention  of  trade  names  does  not  constitute  en- 
dorsement of  the  products  by  the  USDA  Forest  Serv- 


ice. 


Documentation 

This  manual  will  explain  the  operation  of  GLMR, 
detail  how  the  program  functions  in  enough  depth 
to  allow  a  knowledgeable  user  to  implement  im- 
provements and  extensions,  and  present  the  com- 
plete source  code  listings. 

Objectives 

In  this  paper  I  have  two  objectives: 

(a)  Provide  small  computer  users  with  a  flexible 
and  general  purpose  regression  analysis  pack- 
age. 

(b)  Provide  user  instructions  in  enough  detail  to 
allow  implementation  of  extensions  to  the  basic 
system. 

Assumptions 

I  assume  that  the  users  of  GLMR  are  also  pro- 
grammers. In  my  opinion,  the  opportunity  cost  of 
owning  a  small  computer  system  without  being  able 
to  program  it  is  too  high.  Consequently,  this  docu- 
ment is  aimed  at  users  who  understand  the  operating 
environment  of  their  small  computer,  can  program 
their  small  computer  in  its  resident  BASIC  dialect, 
and  have  some  understanding  of  the  differences  be- 
tween the  many  dialects  of  BASIC  in  use. 

Furthermore,  I  assume  that  users  have  enough 
statistical  knowledge  to  intelligently  use  regression 
analysis.  This  manual  does  not  teach  regression 
analysis.  The  theoretical  basis  for  regression  anal- 
ysis is  presented  in  some  depth  to  allow  the  informed 
reader  to  judge  the  mathematical  approach  used  as 
the  basis  of  this  program. 
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Quick  Reference  Guide 

Input  requirements 

There  are  two  input  requirements:  an  m  (number 
of  observations)  by  1  matrix  containing  the  obser- 
vations on  the  dependent  variable  and  an  m  by  n 
(number  of  variables)  matrix  containing  the  corre- 
sponding independent  data.  When  an  intercept  term 


Regression  analysis  options 

The  following  10  regression  analysis  options  a 
available: 

(a)  ANOVA  table  with  regression  coefficients, 

(b)  test  for  homogeneity  of  variances, 

(c)  confidence  intervals  for  the  coefficients, 

(d)  confidence  intervals  for  the  estimates  of  tl 
dependent  variable, 

(e)  plotting  of  residuals, 

(f)  check  for  multicollinearity, 

(g)  store  the  (X'X)  inverse  matrix  on  disk, 
(h)  check  for  autocorrelation, 

(i)  scaled  regression  coefficients,  and 

(j)  test  for  equality  of  regression  coefficients. 


APPLICATION 
Introduction 

This  section  of  the  guide  will  teach  how  to  proper: 
use  GLMR.  Each  option  in  the  system  will  be  pi  { 
sented,  discussed,  and  illustrated  by  example. 

For  the  purposes  of  linear  regression,  a  model 
linear  in  the  parameters  for  any  function  of  the  i 
dependent  variable  as  long  as  these  functions  do  n 
involve  the  coefficients  b,.  The  general  form  of  a  li 
ear  model  is  (Mather  1976)): 


Y  =  b0  +  bi  A,  +  . . .  +  bk  Ak 
where:  Ak  =  f(x1;  x2,  ...,  xk) 


This  program  requires  an  input  Y,  the  m  by  1  matr 
of  observations  on  the  dependent  variable.  Due 
memory  size  constraints,  the  program  is  dime 
sioned  to  accept  no  more  than  200  observations.  Tl 
X  matrix  must  be  an  m  by  n  matrix  in  which  tl 
columns  of  X  are  the  observations  on  the  indepe 
dent  variable(s).  Missing  values,  coded  -99.99,  a 
not  allowed  in  matrices  Y  and  X.  The  program 
constrained  to  accept  no  more  than  10  independe 
variables  when  no  intercept  term  (b0)  is  in  the  mod< 
When  b0  is  used,  only  9  independent  variables  a 
permitted.  All  dimensions  are  in  line  number  400< 
and  may  be  readily  changed  to  meet  changing  nee 
consistent  with  the  available  maximum  memory 


hardware.  For  example,  a  problem  with  only  50 
ervations  could  use  up  to  40  independent  varia- 
s  in  the  model  equation.  If  an  intercept  term  (b0) 
n  the  model,  then  the  first  column  of  X  must 
tain  all  l's.  How  the  values  of  the  independent 
iables  are  computed  is  irrelevant  to  the  program. 
s  allows  maximum  design  flexibility  for  the  an- 
st. 

Do  illustrate  the  use  of  this  program,  I  will  follow 
example  from  the  widely  available  text  on  regres- 
1  analysis  by  Draper  and  Smith  (1966,  p.  362) 
ble  1).  Load  the  disk  with  the  programs  on  the 
K  drive  which  must  have  the  operating  system 
sent  (drive  0)  and  a  formatted  data  diskette  with 
operating  system  present  on  drive  1.  Run  program 
LR/BAS".  The  menu  of  choices  wil  present  itself 
.  1).  Select  number  5  to  enter  matrix  Y  from  the 
rboard.  You  will  be  asked  for  the  number  of  rows 
in  the  matrix  and  the  number  of  columns  (1)  to 
er  <25,1>.  Next  you  will  be  asked  to  give  the 
t  column  a  name,  enter  <Y>.  After  the  25th  ele- 
nt  has  ben  entered,  you  are  automatically  re- 
lied to  the  menu. 

Select  number  6  to  display  the  Y  matrix.  Notice 
t  only  13  of  the  25  columns  of  Y  are  displayed  at 
*  time.  Pressing  the  down  arrow  on  the  keyboard 
blays  the  next  "page"  of  data.  Pressing  the  up 
low  returns  the  first  page  to  the  screen.  When  a 
trix  has  more  than  4  columns,  only  four  columns 
1  be  displayed  on  any  given  "page".  The  left  and 

right  arrows  move  the  "page"  across  the  desired 
tions  of  the  matrix.  To  return  to  the  menu  press 

<CLEAR>  button.  To  save  the  matrix  Y  for  use 
h  the  regression  program  it  is  necessary  to  select 
nber  4.  You  will  be  asked  to  name  matrix  Y.  It  is 
t  not  to  label  it  "Y"  because  the  program  uses  the 
nes,  Y,  X,  B,  and  XPXI  to  store  intermediate  re- 
ts. You  are  then  asked  to  specify  the  disk  on  which 
i  want  to  store  the  matrix.  Using  the  TRS-80,  this 


Table  1. — Example  dependent  variable  (Y)  and  in- 
dependent variables  (X)  from  Draper  and  Smith 
(1966)  p.  362 


Dependent 

variable 

Independent  variables 

COL: 

Y               XO              X8 

X6 

R1 

10.98 

I            35.3 

20 

R2 

11.13 

I            29.7 

20 

R3 

12.51 

I            30.8 

23 

R4 

8.4 

I            58.8 

20 

R5 

9.27 

I            61.4 

21 

R6 

8.73 

I            71.3 

22 

R7 

6.36 

I             74.4 

11 

R8 

8.5 

I             76.7 

23 

R9 

7.82 

t             70.7 

21 

R10 

9.14 

I             57.5 

20 

R11 

8.24 

46.4 

20 

R12 

12.19 

28.9 

21 

R13 

11.88 

28.1 

21 

R14 

9.57 

I             39.1 

19 

R15 

10.94 

46.8 

23 

R16 

9.58 

48.5 

20 

R17 

10.09 

I             59.3 

22 

R18 

8.11 

70 

22 

R19 

6.84 

70 

11 

R20 

8.88 

I            74.5 

23 

R21 

7.68 

72.1 

20 

R22 

8.47 

58.1 

21 

R23 

8.86 

44.6 

20 

R24 

10.36 

33.4 

20 

R25 

11.08 

28.6 

22 

should  always  be  a  disk  other  disk  drive  0,  the  drive 
that  contains  the  operating  system.  This  practice 
ensures  sufficient  disk  storage  for  the  intermediate 
matrices.  Enter  the  matrix  X  into  memory  the  same 
way  and  save  it  using  a  name  other  than  X. 

Once  Y  and  X  are  stored  on  disk  1,  select  number 
8.  You  are  asked  to  enter  the  name  of  your  Y  matrix 
and  of  your  X  matrix.  These  two  matrices  are  read 
into  the  active  memory  and  the  program  commences. 
After  some  period  of  waiting,  you  will  be  asked  to 
input  the  number  of  significant  figures  in  the  raw 


MENU  FOR:  GENERAL  LINEAR  REGRESSION  ANALYSIS 

SYSTEM 


RETURN  TO  MAIN  MENU 

READ  A  MATRIX  FROM  DISK 

ENTER  A  MATRIX  MANUALLY 

[PRINT  MATRIX 

BARTLETT'S  TEST  FOR  HOMOGENEITY 

pF  VARIANCES 


2.  GOTO  BASIC 

4.  WRITE  A  MATRIX  TO  DISK 

6.  DISPLAY  MATRIX  ON  VIDEO 

8.  GENERAL  LINEAR  REGRESSION 


,ECT  ONE  OF  THE  ABOVE  —  >.. 

e  1. — Menu  of  options,  program  GLR/BAS  of  the  GLMR  system. 


data.  Ihe  presence  ol  errors  in  the  data  and  in  the 
computational  processes  prevent  the  program  from 
detecting  when  a  singular  value,  computed  as  small 
but  not  zero,  is  in  fact  zero.  If  the  matrix  is  less  than 
full  rank,  a  warning  is  issued  (see  discussion  of  mul- 
ticollinearity  below).  You  will  be  asked  whether  or 
not  to  include  the  mean  in  the  ANOVA  table.  In- 
cluding the  mean  displays  the  amount  of  the  total 
sums  of  squares  that  has  been  accounted  for  by  the 
mean.  This  sum  of  squares  is  not  evident  in  the  "usual" 
ANOVA  table  in  which  the  mean  is  not  included. 

The  ANOVA  display  presents  the  "usual"  results 
(fig.  2).  The  estimates  of  the  regression  coefficients 
are  given  at  the  bottom  of  the  list  of  output.  The 
ANOVA  table  will  persist  until  you  depress  the 
<SPACE>  bar.  You  are  queried  about  the  mean  again 
and  a  positive  response  will  display  the  ANOVA  ta- 
ble with  the  mean  included  (fig.  3).  Finally,  you  are 
asked  whether  you  want  to  continue  the  analysis  by 
computing  confidence  intervals  or  performing  error 
analysis.  If  the  answer  to  the  above  question  is  yes, 
the  pertinent  matrices  are  saved  on  disk  1  and  the 
second  part  of  the  program  is  moved  into  memory 
and  activated. 


Ihe  menu  lor  part  11  will  automatically  a 
(fig.  4).  The  Y  matrix  at  this  point  shows  foi 
umns — the  original  Y  values,  the  estimated 
values,  the  residuals  (EHAT),  and  the  norm 
residuals  (ZHAT)  (table  2).  The  confidence  inti 
of  the  coefficients  will  result  if  selection  nun 
is  chosen  (table  3).  The  test  for  b,  =  0  is  easilly 
by  seeing  whther  or  not  0  falls  within  the  confi 
limits  of  b,.  The  standard  deviation,  which  is  n 
to  test  the  equality  of  regression  coefficients, : 
sented  with  this  option.  Choosing  selection  m 
9  produces  the  confidence  intervals  around  th 
dieted  Y  values  (fig.  5).  If  you  will  want  to  pi 
confidence  band  around  the  regression  line,  sa 
augmented  Y  matrix  when  queried. 

Some  indicators  in  evaluating  multicollin 
are  displayed  upon  choosing  selection  number  ] 
6).  The  condition  number  of  X  can  be  used 
index  of  collinearity  (Forsythe  etal.  1977).  If  cc 
is  close  to  1,  the  columns  of  X  are  very  indepei 
If  cond(X)  is  large,  the  colums  of  X  are  near 
pendent.  A  matrix  A  may  be  considered  to  be 
singular  than  a  matrix  B  if  cond(A)  >  cond(B 
collinearity  number  is  that  condition  numbe 


REGRESSION  ANALYSIS  OF  VARIANCE  TABLE 


SOURCE 

DF 

SS 

MS 

F 

PROBABII 

REG 
ERROR 

2 
22 

54.1858 
9.62872 

27.0929 
.437669 

61.9027 

0.0000 

TOTAL  24  63.8145 

MEAN  OF  RESPONSE  VARIABLE  Y  =  9.424 

STD.  DEV  OF  ERROR  =  .661566  C.V  of  Y  =  7.0 

MULTIPLE  CORRELATION  COEFFICIENT  (R**2)  =  .849115 

REGRESSION  COEFFICIENTS 

B  O  =  9.12692     B  1  =  -.0723934     B  2  =  .202815 

Figure  2. — ANOVA  display  for  the  example  problem  without  a  line  for  the  "MEAN". 

REGRESSION  ANALYSIS  OF  VARIANCE  TABLE 


SOURCE 

DF 

SS 

MS 

F 

PROBABIL 

MEAN 

REG. 

ERROR 

1 

2 

22 

2220.3 
54.1858 
9.62872 

2220.3 
27.0929 
.437669 

5073 
61.9027 

0.0000 
0.0000 

TOTAL  25  2284.11 

MEAN  OF  RESPONSE  VARIABLE  Y  =  9.424 

STD.  DEV  OF  ERROR  =  .661566    C.V.  of  Y  =  7.0 

MULTIPLE  CORRELATION  COEFFICIENT  (R**2)  =  .849115 

REGRESSION  COEFFICIENTS 

B  O  =  9.12692     B  1  =  -.0723934    B  2  =  .202815 


Figure  3. — AA^OVA  display  for  the  example  problem  with  a  line  for  the  "MEAN". 


rlENU  FOR:  GENERAL  LINEAR  REGRESSION  ANALYSIS 

SYSTEM 
LRT  II.  CONFIDENCE  INTERVALS  AND  ERROR  ANALYSIS 


RETURN  TO  MAIN  MENU  2. 

READ  A  MATRIX  FROM  DISK  4. 

ENTER  A  MATRIX  MANUALLY  6. 

PRINT  MATRIX  8. 

CONFIDENCE  INTERVALS  FOR  YHAT  10. 

MULTICOLLINEARITY  CHECK  12. 

AUTOCORRELATION  CHECK  14. 
EQUALITY  OF  REG.  LINES 

ECT  ONE  OF  THE  ABOVE  —  >.. 

ire  4. — Menu  of  options  program  GLRIIBAS  of  the  GLMR  system. 


GOTO  BASIC 

WRITE  A  MATRIX  TO  DISK 
DISPLAY  MATRIX  ON  VIDEO 
CONFIDENCE  INTERVALS  FOR  B 
PLOT  RESIDUALS 
HETEROSCEDASTICITY  CHECK 
SCALED  B 


Id  cause  the  matrix  X  to  be  rank  deficient.  If 
r  original  input  to  the  number  of  significant  dig- 
n  the  data  produces  a  less  than  full  rank  matrix, 
the  program  again  with  more  digits  specified  as 
ificant.  If  the  matrix  is  then  of  full  rank,  then 
need  to  be  wary  in  the  use  of  the  coefficients, 
estimates  of  B  will  still  be  unbiased  but  a  large 
idard  error  will  result  indicating  that  the  prob- 
ity of  an  individual  b,  that  is  far  from  the  true 
ilation  b,  is  increased  (Mather  1976).  This  is  not 
cal  for  predictive  uses  but  would  be  unacceptable 
explanatory  purposes.  One  solution  to  problems 
lulticollinearity  is  ridge  regression. 

le  2.  —  The  "Y"  matrix  for  the  example  problem 
Data  set  name — >Y 


YHAT 


EHAT 


ZHAT 


10.98 

10.6277 

.352269 

.532478 

11.13 

11.0331 

.0968657 

.146419 

12.51 

11.5619 

.948053 

1.43305 

8.4 

8.92649 

-.526486 

-.795819 

9.27 

8.94108 

.328921 

.497186 

8.73 

8.4272 

.302802 

.457705 

6.36 

5.97181 

388187 

586771 

8.5 

8.23909 

.260911 

.394384 

7.82 

8.26782 

-.44782 

-  676909 

9.14 

9.0206 

.119403 

180485 

8.24 

9.82416 

-1.58416 

-2.39457 

12.19 

11.2939 

896136 

1.35457 

11.88 

11.3518 

.528221 

.798441 

9.57 

10  1498 

-.579822 

-.876439 

10.94 

10.4037 

.536348 

810726 

9.58 

9.67214 

-.0921383 

-.139273 

10.09 

9.29592 

.794081 

1.20031 

8.11 

8.52131 

-.41131 

-.621723 

683 

6.29034 

.539657 

.815728 

8.88 

8.39836 

.481646 

.728039 

7.68 

7.96365 

-.283653 

-428761 

8.47 

9.17998 

-.709977 

-1.07318 

8.86 

9.95447 

-1.09447 

-1.65437 

10.36 

10.7653 

-.405279 

-.612606 

11.08 

11.5184 

-.438397 

.662667 

Option  number  13  provides  the  Durbin- Watson 
statistic  to  test  autocorrelation.  In  the  example,  this 
statistic  has  the  value  of  2.2.  The  evaluation  of  this 
statistic  is  presented  by  Durbin  and  Watson  (1950, 
1951,  1971).  If  significant  autocorrelation  is  shown, 
three  possibiities  exist  (Mather  1976).  (1)  The  func- 
tional form  of  the  model  is  incorrect,  change  it.  (2) 
Some  explanators  are  missing,  plot  the  residuals 
against  some  possible  candidates.  If  a  relationship 
is  found,  include  the  new  predictors  into  the  model. 
(3)  The  data  contain  a  true  autoregressive  structure. 

Option  number  14  activates  the  routine  that  cal- 
culates the  standardized  coefficients.  These  scaled 
coefficients  allow  evaluation  of  relative  importance. 
The  larger  the  scaled  coefficient,  the  more  that  in- 
dependent variable  contributed  to  explaining  the  to- 
tal variation. 

Option  number  12,  check  for  heteroscedasticity,  is 
currently  not  activated.  Option  number  10,  plotting 
residuals,  allows  visual  analysis  for  heteroscedas- 
ticity as  recommended  by  Draper  and  Smith  (1966). 
At  this  point,  the  Y  matrix  is  augmented  with  the 
columns  of  the  X  matrix  and  one  column  for  the 
observation  numbers  (table  4).  If  the  augmented  ma- 
trix exceeds  10  columns,  an  error  will  occur.  Change 
the  dimension  statement  in  line  40000  to  increase 
the  number  of  columns  as  required  by  the  problem. 

Table  3. — Confidence  interval  and  standard  deviation 
of  the  regression  coefficient  for  the  example  problem 


Coefficient 


Upper 
level 


Lower 
level 


Stand,  dev. 


B0 
B1 
B2 


9.12692 
-.0723934 
.202815 


11.4159 
-.0557898 
.29781 


6.83794 
-.088997 
.10782 


1.1028 
7.99942E-03 
.0457676 


CONFIDENCE  INTERVALS 
FOR  PREDICTED  Y 
VALUES 
T- VALUE  FOR  95  TWO- 
SIDED  CONFIDENCE 
INTERVAL  =  2.0756 
DF  =  22 


YHAT 

UPPER 

LOWER 

STAND. 

CI 

CI 

ERR. 

10.6277 

11.0292 

10.2262 

.193436 

11.0331 

11.5065 

10.5597 

.2281 

11.5619 

12.047 

11.0768 

.233737 

8.92649 

9.21899 

8.634 

.140921 

8.94108 

9.26728 

8.61488 

.15716 

8.4272 

8.89789 

7.95651 

.226775 

5.97181 

6.89029 

5.05333 

.442512 

8.23909 

8.82925 

7.64893 

.284334 

8.26782 

8.69214 

7.8435 

.204434 

9.0206 

9.30658 

8.73462 

.13778 

9.82416 

10.12 

9.52832 

.142535 

11.2939 

11.7667 

10.8211 

.227802 

11.3518 

11.8353 

10.8683 

.232955 

10.1498 

10.5379 

9.7617 

.18698 

10.4037 

10.7817 

10.0258 

.182092 

9.67214 

9.95714 

9.38714 

.137312 

9.29592 

9.64742 

8.94442 

.169349 

8.52131 

8.9764 

8.06623 

.219254 

6.29034 

7.19751 

5.38317 

.437063 

8.39836 

8.96083 

7.83589 

.270993 

7.96365 

8.38516 

7.54214 

.203078 

9.17998 

9.48286 

8.8771 

.145926 

9.95447 

10.2625 

9.64648 

.148385 

10.7653 

11.1903 

10.3403 

.204757 

11.5184 

12.0024 

11.0344 

.233167 

Figure  5. — Confidence  intervals  around  the  pre- 
dicted Y  values  of  the  example  problem  as  viewed 
on  the  video  display. 

The  Y  matrix  is  on  disk,  so  you  have  lost  nothing. 
If  the  variances  of  the  residuals  are  not  equal,  then 
the  least  squares  estimators  B  will  not  be  of  mini- 
mum variance  although  they  will  still  be  unbiased. 
Variances  will  be  heterosedastic  if  they  increase  or 
decrease  with  any  of  the  independent  variables.  Be- 
cause the  predicted  values  of  Y  are  linear  functions 
of  the  independent  variables,  the  residuals,  EHAT, 
can  also  be  plotted  against  Y  and  the  scatter  ob- 
served for  trends.  If  a  functional  relationship  be- 
tween the  residuals  and  Y's  can  be  found  then 
weighted  least  sqares  is  a  solution. 


CHECK  FOR 
MULTICOLLINEARm 


RANK  (X)  =  3  X  HAS  FULL  RANK 
MAXIMUM  SINGULAR  VALUE  (X)  =  292.5 
MINIMUM  SINGULAR  VALUE  (X)  =    5994f 
CONDITION  NUMBER  FOR  (X)  =  488.051 
COLLINEARITY  NUMBER  FOR  (X)  =  1E  + 

IF  CONDITION  NUMBER  IS  CLOSE  TO  1, 

INDEPENDENT  (NONSINGULAR). 
IF  CONDITION  NUMBER  IS  INFINITE,  X  = 

PENDENT  (SINGULAR). 
IF  CONDITION  NUMBER  CLOSE  TO  C( 

NEARITY  NUMBER,  X   =   NEARLY  DE 

DENT  (SINGULAR) 

Figure  6. — Multicollinearity  indicators  for  ti 
ample  problem. 

Selection  of  option  number  10  activates  the 
ting  part  of  the  program.  Use  option  number 
number  6  to  review  the  Y  matrix.  You  will  st 
original  Y  vector,  the  predicted  Y,  the  error 
normalized  errors  and  if  you  chose  to  save  thei 
confidence  intervals  around  the  predicted  Y 
dition,  the  columns  of  the  X  matrix  are  now  co 
of  the  Y  matrix  as  well  (table  4).  Select  option 
ber  10.  Answer  the  first  question  with  1  for  die 
enter  the  name  of  the  data  matrix  as  Y  You  are 
the  choice  of  viewing  Y  and  reviewing  the  nai 
the  variables  in  Y  Choose  variable  number  9 
x-axis  designate  and  the  residuals,  EHAT,  va 
number  3,  as  the  Y-axis  designate.  Decline  th 
ing  option  because  the  X-axis  is  in  ascending 
already  and  the  graphing  status  menu  is  disp 
(fig.  7).  The  X  and  Y  axis  designates  are  pre; 
along  with  their  ranges.  The  ranges  can  be  ch> 
by  selecting  either  number  3  or  number  4.  Selej 
number  5  and  number  6  allow  manipulation 
tical  and  horizontal  control  lines  on  the  plot  o 
Options  number  7  through  number  9  allow 
nation  of  title  and  labeling  of  the  axes.  Optior 
ber  10  executes  the  plotting  routine  (fig.  8).  Th 
of  the  lineplotter  output  is  patterned  after 
(1979). 

This  regression  system  can  also  be  used  to  t 
homogeneity  of  variances  and  for  the  equa 
regression  coefficients.  Option  number  9  of  th( 
regression  menu  (fig.  1)  is  used  to  enter  the  t 
homogeneity  of  variance.  Using  the  example  o 
370  of  Sokal  and  Rohlf  (1969),  the  program  re 
as  input  the  variances  and  their  degrees  of  fre 


ble  4. — Augmented  Y  matrix  for  plotting 


L:                      Y 

YHAT 

EHAT 

ZHAT 

Y-UPPER 

Y-LOWER 

X1 

X2 

OBS 

10.98 

10.6277 

0.352269 

0.532478 

11.0292 

10.2262 

35.3 

20 

1 

11.13 

11.0331 

.0968657 

.146419 

11.5065 

10.5597 

29.7 

20 

2 

:  :               12.51 

11.5619 

.948053 

1.43305 

12.047 

11.0768 

30.8 

23 

3 

8.4 

8.92649 

-.526486 

-.795819 

9.21899 

8.634 

58.8 

20 

4 

9.27 

8.94108 

.328921 

.497186 

9.26728 

8.61488 

61.4 

21 

5 

!  :                  8.73 

8.4272 

.302802 

.457705 

8.89789 

7.95651 

71.3 

22 

6 

6.36 

5.97181 

.388187 

.586771 

6.89029 

5.05333 

74.4 

11 

7 

i  :                 8.5 

8.23909 

.260911 

.394384 

8.82925 

7.64893 

76.7 

23 

8 

i  :                  7.82 

8.26782 

-.44782 

-.676909 

8.69214 

7.8435 

70.7 

21 

9 

0:                  9.14 

9.0206 

.119403 

.180485 

9.30658 

8.73462 

57.5 

20 

10 

1:                 8.24 

9.82416 

-1.58416 

-2.39457 

10.12 

9.52832 

46.4 

20 

11 

2:                12.19 

11.2939 

.896136 

1.35457 

11.7667 

10.8211 

28.9 

21 

12 

3:                11.88 

11.3518 

.528221 

.798441 

11.8353 

10.8683 

28.1 

21 

13 

4:                  9.57 

10.1498 

-.579822 

-.876439 

10.5379 

9.7617 

39.1 

19 

14 

5:                10.94 

10.4037 

.536348 

.810726 

10.7817 

10.0258 

46.8 

23 

15 

6:                  9.58 

9.67214 

-.0921383 

-.139273 

9.95714 

9.38714 

48.5 

20 

16 

7:                10.09 

9.29592 

.794081 

1.20031 

9.64742 

8.94442 

59.3 

22 

17 

8:                  8.11 

8.52131 

-.41131 

-.621723 

8.9764 

8.06623 

70 

22 

18 

9:                  6.83 

6.29034 

.539657 

.815728 

7.19751 

5.38317 

70 

11 

19 

0:                  8.88 

8.39836 

.481646 

.728039 

8.96083 

7.83589 

74.5 

23 

20 

1:                7.68 

7.96365 

-.283653 

-.428761 

8.38516 

7.54214 

72.1 

20 

21 

2:                  8.47 

9.17998 

-.709977 

-1.07318 

9.48286 

8.8771 

58.1 

21 

22 

!3:                 8.86 

9.95447 

-1.09447 

-1.65437 

10.2625 

9.64648 

44.6 

20 

23 

!4:               10.36 

10.7653 

-.405279 

-.612606 

11.1903 

10.3403 

33.4 

20 

24 

*5:               11.08 

11.5184 

-.438397 

-.662667 

12.0024 

11.0344 

28.6 

22 

25 

Y=AXIS: 
X-AXIS: 


RESIDUALS        Y-YHAT 
OBSERVATION    NUMBER 


I.  X-VARIABLE  =  VAR.  #9 

.  Y- VARIABLE  =  VAR.  #3 

I.  RANGE  OF  X-VARIABLE  —  >  1  TO  25 

|.  RANGE  OF  Y- VARIABLE  —  >  -2  TO  2 

.  VERTICAL  CONTROL  LINE  STATUS  —  >  OFF 

.  HORIZONTAL  CONTROL  LINE  STATUS     ON 

.  TITLE  OF  GRAPH  —  >  PLOT  OF  EXAMPLE 

PROBLEM  FROM  DRAPER  &  SMITH  P.  364 
.  X-AXIS  LABEL  —  >  X-AXIS:  OBSERVATION 

NUMBER 
.  Y-AXIS    LABEL     — >     Y-AXIS:     RESI- 
DUALS   Y-YHAT 
.  EXECUTE  THE  GRAPHING  ROUTINE 
.  GET  ANOTHER  MATRIX 
j.  REGRESSION  PART  II 
.  DISPLAY  MATRIX 
.  PRINT  DATA  MATRIX 

CLECT  STATUS  CHANGES  OR  CONTINUATION 

gure  7. — Graphing  status  menu  for  the  example 
problem. 


-2  .OOE+00 
H  .OOE+00  +-  - 


+3.40E+00  + 


+5.80E+00  + 


+8.20E+00  + 


+  1  .06E+01  + 


+1.30E+01  + 


+1.54E+01  + 


+1.78E+01  + 


+  2.02E+01  + 


+2.26E+01  + 


+2.50E+01  + 


-1.20E+00   -4.O0E-01    +4.00E-0I    +1.20E+00   +2  .OOE+00 


Figure  8. — Plot  of  residuals  for  the  example  problem 
from  Draper  &  Smith  (1966). 


HOW  MANY  EQUATIONS  ARE  TO  BE  COMPARED?  —  >  2. 

ARE  THE  VARIANCES  ASSUMED  HOMOGENEOUS  <0>  OR  HETEROGENEOUS  <E>? 

PLEASE  ENTER  THE  REQUESTED  INFORMATION  FOR  EACH  EQUATION. 

EQUATION  #1 

VALUE  OF  B  COEFFICIENT  —  >  3.238 
STANDARD  DEVIATION  OF  B  —  >  1.307 
ERROR  SUM  OF  SQUARES  —  >  21521 
ERROR  DEGREES  OF  FREEDOM  —  >  9 

EQUATION  #2 

VALUE  OF  B  COEFFICIENT  —  >  2.52 
STANDARD  DEVIATION  OF  B  —  >  0.284 
ERROR  SUM  OF  SQUARES  —  >  26874 
ERROR  DEGREES  OF  FREEDOM— >  17 

WISH  TO  REVIEW  THE  INPUT?  (Y/N)  —  >  Y 


COL: 


B 


STAND.DEV 


ERROR  SS       ERROR  DF 


Rl: 
R2: 


3.238 
2.52 


1.307 
.284 


21521 
26874 


9 
17 


CONTINUE  <C>  OR  REDO  INPUT<R>?  — >  C. 

Figure  9. — Procedure  for  testing  equality  of  regression  coefficients. 


The  values  of  the  variances  must  be  greater  than  or 
equal  to  1  because  a  logarithmic  transformation  is 
used  in  the  calculation.  This  program  allows  the  user 
to  multiply  all  variances  by  an  appropriate  values. 
Be  warned  that  Bartlett's  test  is  sensitive  to  depar- 
tures from  non-normality  in  the  data.  Hence,  a  sig- 
nificant qui-squared  value  may  indicate  non-nor- 
mality rather  than  heteroscedasticity  (Sokal  and  Rohlf 
1969). 

The  test  for  equality  of  regression  coefficients  is 
entered  from  menu  part  II  (fig.  4).  Data  requirements 
are:  the  values  of  the  coefficients,  their  standard  de- 
viation, the  error  sum  of  squares  for  each  regression 
equation,  the  error  degrees  of  freedom,  and  whether 
the  error  variances  are  assumed  to  be  homogeneous 
or  heterogeneous.  The  example  of  this  procedure  comes 
from  Snedecor  and  Cochran  (1967,  p.  435).  Follow 
the  procedure  in  figures  9  and  10.  The  computational 
details  are  presented  in  the  "Equality  of  Regression 
Coefficients — Theory"  section. 


(A) 


RESULTS  OF  THE  TEST  FOR  EQUALITY  OF  REGRESSIO: 
COEFFICIENTS. 

WEIGHTED  AVERAGED  B  =  2.56786 

SUM  OF  SQUARE  FOR  COMBINED  B'S  =  673.531 

NUMERATOR  DEGREES  OF  FREEDOM  =  1 

MEAN  SQUARE  FOR  B'S  =  673.531 

COMBINED  ERROR  SUM  OF  SQUARES  =  48395 

DENOMINATOR  DEGREES  OF  FREEDOM  =  26 

COMBINED  ERROR  MEAN  SQUARE  =  1861.35 

THE  CALCULATED  F- VALUE  =  361852 

THE  PROBABILITY  OF  REJECTING  THE  NULL  HYPOTH 

.4407 


(B) 


RESULTS  OF  THE  TEST  FOR  EQUALITY  OF  REGRESSIOI 
COEFFICIENTS 

WEIGHTED  AVERAGED  B  =  2.64824 

SUM  OF  SQUARES  FOR  COMBINED  B'S  =  653.573 

NUMERATOR  DEGREES  OF  FREEDOM  =  1 

MEAN  SQUARE  FOR  B's  =  653.573 

COMBINED  ERROR  SUM  OF  SQUARES  =  48395 

DENOMINATOR  DEGREES  OF  FREEDOM  =  24 

COMBINED  ERROR  MEAN  SQUARE  =  2016.46 

THE  CALCULATED  F- VALUE  =  .324119 

THE  PROBABILITY  OF  REJECTING  THE  NULL  HYPOTH! 

.4192 


Figure  10. — Results  of  test  for  equality  ofregn 
coefficients  for  the  example  problem:  (A)  h 
geneous  case  (B)  Heterogeneous  case. 


PROCEDURES  AND 
REQUIREMENTS 

System  Characteristics 

'rograrn  GLMR  is  written  in  BASIC  for  the  TRS- 
nicrocomputer.  The  computer  should  have  a  min- 
im of  48K  of  user  defineable  random  access  mem- 
(RAM),  two  disk  drives,  and  a  lineprinter.  Highly 
ipatible  versions  of  BASIC  are  available  for  most 
rocomputer  systems.  It  is  anticipated  that,  with 
inimum  of  effort,  this  program  can  be  converted 
xecute  on  any  computer  system  that  can  use  some 
ect  of  the  BASIC  language. 

Performance 

^  problem  with  25  observations  and  2  indepen- 
t  variables  plus  intercept  takes  approximately  2 
lutes  to  solve.  One  with  13  observations  and  5 
^pendent  variables  plus  intercept  takes  approx- 
itely  3  minutes  to  solve. 

Data  Compatibility 

'rogram  GLMR  is  compatible  with  the  data  stan- 
d  used  by  the  SPS  system  (Buhyoff  et  al.  1980). 
i  numerical  data  of  interest  are  built  into  a  ma- 
,  A1J5  where  i  =  number  of  observations  and  j  = 
nber  of  variables.  Each  data  set  has  three  data 
5  automatically  defined  for  it.  If  "TEST",  "TESTN", 
"TESTL"  will  be  automatically  created  or  up- 
ed  every  time  "TEST"  is  saved  to  disk.  File 
1STM"  contains  the  matrix  A,r  I  have  found  that 
a  file  manipulations  are  greatly  simplified  by  us- 
this  three  file  organization. 

/latrix  A(R,C)  is  used  to  transfer  data  to  and  from 
v,  R  and  C  are  the  row/column  dimensions,  and 
C)  is  used  to  store  names  of  the  variables.  The 
at  matrices  required  by  this  program  may  be  cre- 
i  by  GLM  or  by  the  numerical  information  ma- 
ilation  system  (NIMS)  reported  by  Rauscher 
53).  The  output  data  matrices  generated  by  GLMR 
compatible  with  all  of  the  above  referenced  pro- 
ms. 

Availability 

)wners  of  Model  I TRS-80  single  sided,  single  den- 
|  5-1/4"  disk  based  systems  who  desire  a  machine 
iable  copy  of  this  program  must  send  a  blank 
wette  to  the  author. 


Regression  Theory 

GLMR  is  based  upon  the  theory  of  genera!  linear 
models  as  presented  by  Searle  (1971).  The  problem 
in  linear  regression  is  to  find  a  solution  to: 


Y=XB+E 


(2) 


where: 
Y 


the  m  by  1  matrix  of  observations  on  the 
dependent  variable 
X  =  the  m  by  n  matrix  of  observations  on  the 

independent  variables 
B  =  the  n  vector  of  parameters 
E  =  the  n  vector  of  errors 
r(X)  =  n;  X  has  full  rank 
subject  to  the  constraint  that  the  sum  of  the  squares 
of  the  errors  is  minimized.  The  solution  to  (2)  is: 


B  =  (X'X)  -'  X'Y 


(3) 


where: 
B 
X' 

(X'X)-1 


the  n  vector  of  estimates  of  parameters 
transpose  of  X 
inverse  of  X'X 


The  most  reliable  method  for  computing  the  coef- 
ficients (B)  for  the  general  least-squares  problem  is 
known  as  singular  value  decomposition  (Forsythe  et 
al.  1977).  Although  other  algorithms  may  require 
less  computer  time  and  storage,  they  are  less  effec- 
tive in  dealing  with  errors  in  the  data,  runoff  errors, 
and  linear  dependence  of  X.  The  singular  value  de- 
composition algorithm  of  Golub  and  Reinsch  (1970) 
was  used  as  the  basis  for  solving  the  least  squares 
problem  in  this  program.  A  singular  value  decom- 
position computes  a  factorization  of  the  form: 


X  =  U  S  V 


(4) 


where: 

S  =  m  by  n  diagonal  matrix  of  singular  values 

if  S„  <q  then  S„  =  0 
S„  =  ith  singular  value 
q  =  a  tolerance  value  based  on  the  precision 

of  the  data  in  the  X  matrix 
U  =  an  m  by  m  orthogonal  matrix 
V  =  an  n  by  n  orthogonal  matrix. 


and 


B  =  (X'X)  '  X'  Y  =  V  S  +  U'Y  where  S  +  „  = 
1/Sii  (5) 

(Forsythe  et  al.  1977) 


(X'X)   >  =  V  (S  +  )2  V  (Nash  1979) 


(6) 


Using  these  results  as  the  basis,  the  regression  es- 
timators, variances,  and  sums  of  squares  can  be  com- 
puted as  outlined  in  Searle  (1971): 


E(Y) 

where:/\ 
E(Y) 
E'E 
(sigma)2 

where: 
(sigma)2 
m 
r(X) 


Y  =  X  B  (7) 

Y  =  estimates  of  Y 

error  sum  of  squares  =  SSE  (8) 

SSE/(m-r(X))  (9) 

residual  error  estimate  of  variance 
number  of  observations 
rank  of  X 


SST  =  Y'Y  =  total  sum  of  squares  (10) 

SSR  =  SST  -SSE  =  sum  of  squares 

due  to  regression  (11) 

SSM  =  m  *  Y2    =    correction  term  for  the 
mean  (12) 


where: 

Y 
SSRm 


mean  of  Y 

SSR- SSM  =  regression  sum  of  squares 

corrected  for  the  mean  (13) 


SSTm  =  SST-SSM  =  corrected  sum  of  squares 
of  dependent  variable  Y  (14) 


where: 


R2  = 


R2  = 


var 

(B) 

where: 
var 

(B) 

var 

(Y) 

where: 
var 

(Y) 

SSR/SST  no  intercept  model  b0     (15) 
SSRm/SSTm  intercept  model  b0  <>  0 

multiple  correlation  coefficient 

(X'X)'1  =  V(S  +  )2  V  (16) 

variance  of  parameter  estimators 
X(X'X)1X'  =  X  VS+  U'  (17) 

variance  of  estimates  of  Y 


Regression  Assumptions 

A  linear  regression  analysis  may  be  used  for  pre- 
dicting values  of  the  dependent  variable  or  as  part 
of  the  process  of  scientific  explanation  of  the  varia- 
tion in  the  dependent  variable  as  accounted  for  in 
terms  of  the  independent  variables  (Mather  1976). 
The  assumptions  needed  for  both  of  these  purposes 
of  regression  were  discussed  in  detail  by  Mather  (1976) 
and  they  are  summarized  here. 
1.  The  mean  of  the  residuals  is  zero.  This  assump- 
tion implies  that  no  important  explanatory  var- 
iable has  been  omitted  in  the  model  and  that  the 
chosen  independent  variables  represent  the  major 
controls  on  the  variability  of  the  dependent  var- 
iable. 


2.  The  variance  of  the  residuals  and  the  varia 
the  dependent  variable  are  constant  at  eacl 
of  the  independent  variable.  This  is  the  as 
tion  of  homoscedasticity. 

3.  The  independent  variables  are  nonrandoi 
are  measured  without  error. 

4.  The  independent  variables  are  not  multicol: 
that  is,  they  are  not  perfectly  linearly  rela 

5.  The  number  of  observations,  m,  exceeds  the 
ber  of  independent  variables,  n.  The  siti 
where  m  =  n  defines  the  general  linear  equ 
problem.  The  situation  where  m  <  n  produc 
mathematical  programming  (optimization) 
lem. 

6.  The  residuals  are  independent.  Dependence 
by  similarity  of  adjacent  values  is  known 
tocorrelation. 

7.  If  statistical  tests  of  significance  are  to  be 
the  conditional  distribution  of  the  depender 
iable  given  the  independent  variables  she 
normal. 

When  least  squares  regression  is  used  as 
dictive  tool,  only  assumptions  4  and  5  need  b 
to  produce  acceptable  estimates  for  the  coeffi* 
If  scientific  explanation  is  the  goal  all  the  as 
tions  except  7  must  hold.  Assumption  7  is  rei 
whenever  tests  of  significance  are  carried  out 
tervals  are  estimated. 

Equality  of  Regression 
Coefficients — Theory 

The  procedures  used  as  the  theoretical  b£ 
this  subroutine  were  presented  in  a  college 
in  applied  statistic?  by  Dr.  R.  G.  Krutchkoff  i 
ginia  Polytechnic  Institute  and  State  Univ 
Blacksburg.  In  the  homogeneous  case,  the  foil 
equations  are  used: 

SSE  =  2SSE, 
where: 

SSE  =  combined  error  SS 

SSE,  =  ith  equation  error  SS 

DFE  =  2DF, 
where: 

DFE  =  combined  Deg.  Freedom 
DF,  =  ith  equation  DF 

MSE  =  SSE/DFE 

MSE,  =  SSE/DF, 

SSX,  =  MSE./DF, 

D,  =  1/SSX, 
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BB  =  2(BI/Di)/2(1/D1)  (24) 

=  2(B,  *  SSX,)/2SSX, 

i  i 

sre 

B,  =  i'th  regression  coefficient 

SSB  =  2(B,-BB)**2/D,)  (25) 

=  2  (B-BB)  **2  *  SSX; 

i 

DF  =  K-l  (26) 

re: 
K  =  no.  of  coefficients  compared 

MSB  =  SSB/DF  (27) 

FB  =  MSB/MSE  (28) 

or  the  heterogeneous  case,  the  computations  are 

ollows: 

SE  see  above  (18) 


DFE  =  (SSE)2  /2(SSE,2  /  DF,) 


(29) 


lound  DFE  down  to  the  nearest  integer 

ISE  see  above  (20) 


BB  =  2(B,/S2B,)  /2(1/S2B,) 


(30) 


re: 
32B,  = 

ith  coefficient  variance; 

standard  devia- 

tion  squared 

SSB  = 

(2(B,-BB)  *#  2/S2B,))  *  MSE 

(31) 

same 

as  above 

(26) 

B  same  as  above 

(27) 

same  as  above 

(28) 

Program  Code 
Documentation 

'he  programs  are  coded  in  the  Microsoft  (TM) 
5IC  language  for  direct  use  with  the  Radio  Shack 
1)  Level  II  BASIC  interpreter.  Unlike  many  other 
juages,  BASIC  allows  concatenation  of  several 
cal  statements  in  one  physical  line.  Microsoft 
3IC  uses  the  colon,  ":",  as  the  logical  statement 
meter.  Because  each  physical  line  costs  5  bytes 
lemory  and  each  unnecessary  space  1  byte,  small 
iputer  BASIC  programs  are  written  in  com- 
bed code  and  appear  impossible  to  decipher,  es- 
ally  for  those  who  normally  program  in  FOR- 
VN.  To  make  matters  worse,  internal  program 
imentation  is  reduced  to  a  minimum  in  BASIC 
luse  these  statements  use  precious  memory.  Given 
5e  memory  constraints  and  the  ability  to  refer 
mbiguously  to  any  physical  line  in  the  program, 


I  believe  that  adequate  documentation  of  BASIC  pro- 
grams should  be  accomplished  external  to  the  code. 
Consequently,  the  code  is  presented  in  the  Append- 
ices in  the  normal,  compressed  fashion.  Each  section 
of  code  is  explained  in  the  following  presentation  by 
reference  to  physical  linenumbers. 

GLMR  is  composed  of  three  separate  programs: 
GLR/BAS,  GLR1/BAS,  and  MULTPLT/BAS.  The 
source  code  listings  for  these  three  programs  are  given 
in  Appendices  I,  II,  and  III,  respectively. 

Program  GLR/BAS 

Linenumbers  13  to  695  comprise  the  same  stan- 
dard SEED  program  that  was  described  in  detail  by 
Rauscher  (1981).  The  general  linear  regression  pro- 
gram, menu  option  number  8,  begins  with  linen- 
umber  2000.  The  matrix  with  the  dependent  varia- 
ble, Y,  and  the  matrix  with  the  independent 
variable(s),  X,  must  be  resident  on  a  data  diskette 
prior  to  entering  the  regression  program.  Lines  2030 
to  2043  request  loading  of  the  Y  and  X  matrices.  In 
addition,  in  line  2030,  I  transfer  the  matrix  of  de- 
pendent observations  from  the  input/output  matrix 
A(.,.)  to  the  holding  matrix  Y(.,.),  compute  the  total 
sum  of  squares,  TSS,  and  the  sum,  MSS,  of  Y 

Line  2045  branches  to  the  singular  value  decom- 
position subroutine  located  at  line  1000.  For  a  de- 
tailed presentation  of  the  theory  of  least  squares  and 
the  singular  value  decomposition  see  Forsythe  et  al. 
(1977).  Lines  1000  to  1730  are  a  direct  translation 
from  the  FORTRAN  program  SVD  in  chapter  9,  pages 
193  to  235  of  Forsythe  et  al.  ( 1977).  The  input  to  SVD 
is  the  A  matrix  which  contains  the  independent  var- 
iables. Upon  return  from  SVD,  W(.)  contains  the  n 
unordered  singular  values  of  matrix  A(.,.),  and  ma- 
trices U(.,.)  and  V(.,.)  contain  the  orthogonal  column 
vectors  of  U  and  V  of  the  singular  value  decompo- 
sition (Forsythe  et  al.  1977).  IE  equals  zero  on  a  nor- 
mal return  from  SVD,  or  else  it  is  equal  to  K  sig- 
nifying that  the  K-th  singular  value  has  failed  to 
converge  after  30  iterations.  This  error  is  checked  in 
line  2050  and  fatally  disrupts  the  program  when  IE 
does  not  equal  to  zero. 

Lines  2060  to  2070  define  WI  as  the  value  of  the 
minimum  singular  value  and  WM  the  maximum, 
zero  array  B(.),  and  compute  TA,  which  controls  the 
effective  rank  in  line  2080.  The  user  is  prompted  to 
enter  the  number  of  significant  digits  in  his  or  her 
raw  data  which  is  used  to  compute  TA.  This  proce- 
dure is  necessary  to  allow  the  computer  to  decide 
when  a  singular  value  is  legitimately  zero.  In  lines 
2080  to  2100,  I  test  for  zero  singular  values  (2080), 
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set  RR  to  the  rank  of  the  matrix,  and  calculate  the 
regression  coefficients  in  B(.). 

In  2102  I  check  for  singularity  (RR  <  N  where  N 
is  number  of  columns  in  matrix)  warn  the  user  of 
this  fact  if  true,  and  save  the  minimum  singular 
value  in  B(N  +  6)  if  the  matrix  is  nonsingular  or  save 
-1  if  singular.  In  location  B(N  +  4)  I  save  the  scale 
factor,  RE,  for  computing  effective  rank,  B(N  +  5)  is 
loaded  with  the  maximum  singular  value,  and 
B(N  +  7)  is  equated  to  the  overall  mean  of  the  de- 
pendent variable  (line  2104).  The  array  B  is  simply 
a  convenient  place  to  store  these  miscellaneous  data. 
Next,  I  compute  the  error  sum  of  squares  (line  2110), 
the  sum  of  squares  of  the  mean  MSS,  and  the  stan- 
dard error  of  the  mean  SE  (line  2120).  Notice  that 
variable  MSS  has  been  redefined  and  used  again.  In 
line  2120  I  compute  the  predicted  Y  values  YHAT, 
the  error  deviations  EHAT,  and  the  normalized  error 
deviations  ZHAT,  and  save  them  in  column  2,  3,  and 
4  of  matrix  Y(.,.),  respectively. 

I  then  compute  the  sum  of  squares  due  to  regres- 
sion RSS,  the  regression  sum  of  squares  corrected 
for  the  mean  RMSS,  the  corrected  total  sum  of  squares 
TMSS,  and  set  the  variable  MEANS  equal  to  TRUE 
if  the  first  column  of  the  independent  matrix  is  a 
column  of  l's  (line  2030).  A  column  of  l's  signifies 
that  an  intercept  coefficient  is  present  in  the  regres- 
sion model.  Without  a  column  of  l's,  MEANS  is  set 
to  FALSE  and  line  2160  is  executed.  Rank  is  in- 
creased by  1,  the  Ftostatistic  is  computed  FR,  and 
the  subroutine  FPROB  (lines  10000  to  10500)  is  called 
to  compute  the  critical  value.  The  code  variables  for 
the  ANOVA  display  are  initialized  and  the  program 
jumps  to  lines  2220  through  2345  to  print  the  AN- 
OVA table  on  the  video  display. 

If  MEANS  is  TRUE,  the  user  is  asked  whether 
the  term  for  the  mean  should  be  explicitly  included 
in  the  ANOVA  table  or  not.  Lines  2190  and  2200 
compute  the  necessary  statistics  and  load  the  display 
variables  with  their  values.  Lines  2380  to  2410  saves 
the  Y,  (X'X) _1,  and  B  matrices  to  disk  prior  to  loading 
the  second  program,  GLRI.  B(N  +  3)  contains  the  rank, 
B(N  +  8)  holds  the  number  of  coefficients  N,  and 
B(N  +  1)  contains  the  error  mean  square. 

Menu  selection  number  9  executes  Bartlett's  test 
for  the  homogeneity  of  variance.  This  subroutine  im- 
plements the  procedure  presented  by  Sokal  and  Rohlf 
(1969,  p.  370).  The  calculations  are  straightforward 
enough  not  to  require  additional  documentation. 


Program  GLRIIBAS 

Lines  13  to  695  are  the  same  as  the  abov 
tioned  SEED  program.  Lines  700  to  920  man; 
menu  display  and  operation.  The  variable  F1V 
905)  is  a  flag  that,  if  FALSE,  causes  the  intern 
data  matrices  Y,  X,  B,  and  (X'X)  '  to  be  loade 
disk  into  memory  (lines  10000  to  10010).  Ona 
matrices  have  been  loaded  from  disk,  FM£ 
TRUE,  thus  bypassing  the  subroutine  at  line 

Choosing  Option  number  8  leads  to  the  con: 
interval  calculations  for  the  regression  coefl 
(lines  1000  to  1090).  The  subroutine  at  lines 
to  11090  calculates  the  T-table  value  for  a  tw« 
confidence  interval.  This  subroutine  also  cal< 
and  displays  the  standard  error  for  each  regi 
coefficient.  The  standard  error  is  required  in 
testing  equality  of  regression  lines  (Option  n 

The  confidence  interval  around  the  predic 
values  is  computed  in  lines  2000  to  2130.  Line 
to  2130  allow  the  option  to  save  the  augmei 
matrix  to  disk  for  use  with  the  plotting  routine 
3000  to  3080  merge  the  X  matrix  with  the  Y  i 
by  columns  and  save  the  combined  matrix  to  tr. 
disk  which  must  reside  on  disk  number  1.  1 
done  to  make  the  necessary  column  variables 
able  to  the  plotting  program,  which  is  automa. 
called  in  line  3080. 

Lines  4000  to  4140  calculate  and  explain  the 
for  multicollinearity.  Lines  5000  to  5040  ma 
location  of  a  heteroscedasticity  test  that  will 
plemented  at  some  future  data.  The  code  for  t 
tocorrelation  check  (lines  6000  to  6090)  and  the 
B  values  (lines  7000  to  7130)  is  self  explanafc 

Lines  8000  to  8230  contain  the  code  to  test  i 
equality  of  regression  coefficients.  Lines  8022  t< 
guide  the  user  and  request  the  needed  data  in 
the  error  variances  are  assumed  homogeneous 
8060  to  8090  are  executed.  If  they  are  assume 
erogeneous,  lines  8200  to  8230  are  executec 
results  are  displayed  in  lines  8100  to  8140. 

Program  MULTPLT/BAS 

Although  the  common  input/output  routine 
in  this  program  do  not  use  the  format  of  the 
program  that  is  used  in  GLR  and  GLRI,  the  fu 
and  structure  of  the  routines  are  nearly  the 
Lines  2  to  18  contain  a  TRS-80  specific  forr 
input  routine  functionally  similar  to  that  des 
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the  SEED  program  by  Rauscher  (1981).  Lines  19 
20  and  21  to  24  contain  the  disk  read  and  disk 
ite  routines,  respectively.  Lines  26  to  31  contain 
ideo  display  routine.  The  dimension  statements 
»d  by  this  program  are  in  lines  124,  130,  and  131. 
les  34  to  43  solicit  the  required  input  information 
m  the  user.  If  data  are  not  sorted,  lines  46  to  64 
•form  a  matrix  sort.  Rows  of  the  matrix  are  sorted 
:ording  to  ascending  values  of  the  column  desig- 
;ed  as  the  X-axis.  The  graphing  status  control  menu 
hsplayed  in  lines  66  to  74.  Lines  75  to  102  contain 


the  code  for  executing  the  plotting  function  on  a  li- 
neprinter.  This  routine  was  adapted  from  Bahr  (1979). 
Lines  103  to  118  perform  the  graphing  status  ma- 
nipulations in  the  menu. 

Lines  119  to  123  allow  a  function,  defined  in  line 
122,  to  generate  the  data  to  be  plotted.  The  begin- 
ning, end,  and  interval  values  for  the  independent 
variable  are  used  in  a  loop  (121  to  123)  to  calculate 
the  values  of  the  dependent  variable. 


APPENDIX  I.  Source  code  listing  for  program  GLR/BAS 

10  CLEAR    300 
JTX=-1 

:goto70o 

t' GLR/BAS   VERSION  10-21-80 

14  'ANSWER    INPUT    ROUTINE 

15  ?=\  256*PEEK(  16417  )+PEEK<  16416  )  >-15359 

JIF    ABS( FL  )=1THEN16ELSE24 

16  IN*="" 

:print@p»chr*<  136  )> 
:lx=i 

17  IN*~INKEY* 

:IFIN*=" "THEN22 


ASCC  IN*  »47    AND    ASCC  IN*  K58    THEN   21 
ASCC  IN*  »64    AND    ASCC  IN*  K91    THEN    21 


18  IFFL=-1    AND 

19  IF  FL=1    AND 

20  GOTO   22 

21  print6p»in* 

:return 

22  LX=l_X+l 

:IFL<16THEN17 

23  PRINT@P»"    "  ? 

:F0RLX=1T025 

INEXT 

:G0T016 

24  PRINTBPy    CHR*C  136)  J 

:in*=."" 

:lx=abs(  fl  ) 

: GO SUB 3 4 

25  A$=INKEY* 

:IFA*=""THEN25 

26  IFA*-CHR*<  13  )THENPRINTCHR*(  15  )» 

JRETURN 

27  IF   A*=CHR*(  3  )THENIFIN*<>""THENPRINTA*i 

:PRINTCHR*(  136  )JCHR*(24  )i 
:iN*=LEFT*< IN*yLEN( IN*  )-l  ) 

:lx=lx+i 

:GOT025 
:ELSEGOT028 

28  IFA*=CHR*(  24  )THENPRINTCHR*(  29  )i 

:GOT024 

29  IF   FL>0    AND    ASC(A*)>31    AND    A3C<  A*  )<91    THEN    32 

30  IF  FL<0    AND    ASO(  A*  »=45    AND    ASC(  A*  X58    THEN    32 

31  GOTO    25 

32  IF    LX=0    THEN    25 
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33  PRINT   A*» 

:in$=in*+a$ 
:lx=lx-i 

:G0T025 
34-  FOR    IX=i TOLX-1 

:  PR I  NT    CHR$<  136) i 

:next 

:forjx=itolx 
:print  chr$(24  >; 
:next 

: RETURN 

50       '  4  *  *  *  *  *  *  *  *  *  *  *  *  *  *  ^ -A  *  *  *  *  *  *  *  *  4  'X  *  *  <1-  *  *  *  T-*  * 

52     CHANGE   VARIABLE    NAMES 
54   '//////////////// 
56  CLS 

:printi3448r"tjhich  column's  name  u1ll  be  changed?  — >  "j 

:fl=-2 

:gosubis 

:xj=val(  IN*  ) 

:print 

:print"please  enter  new  name  —  >  ••; 

;fl=8 

:gqsubi5 

:n$<xj  >=in* 

:return 

100    '  ***********  **********ij^*******  ************** 

110  'READ    SEQUENTIAL   DATA    SET    FROM    DISK 

120   '////////////////// 

125   CLS 

130  PFflNT@443»  "ENTER    FILENAME    UF    DESIRED    DATA    SET    -->    "J 

UNP01    F$ 
135  FF*=F$+"N" 

:L$=F$  +  "L" 

;i-*=F$Jf"M" 
140  UPEN    "I" »liFF$ 

;iNPUTtl»R»C 

;clusei 

;'gei   k»c  values 

145  OPEN    "I"  pltL* 

;fokk=itoc 

:iNPUT*ls-N*(K  ) 
INEXTK 

146  CLOSE 

150   OPEN    "I" »1»F$ 

160   FUKI=1IGR 

;fukj=itoc 

:input#i»a< I»J  ) 
:nexu»i 

l/U   CLOSE    1 

lbO   RE  I  URN 

170    ' ******************************************* 

200  '    WRITE    A    SEQUENTIAL   MATRIX    TO    DISK 

210   '  /  /  /  /  /  /  /  /  /  /  /  /  /  /'  /  /  /  /  / 

220   CLS 

;PKINI8443» "ENTER  FILENAME  OF  NEU  DATA  SET  -->  "i 

UNF'UI  Y% 

:pkini 

;pr.ln"i  "enter  disk  drive  #  where  data  should  be  saved  — > 

I INPUT  DD* 
222  FF$=F*+"NJ"+DD$ 

;l$-=f$+"l:"+dd$ 
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:f-*=F*+"fi;"+DD<i 

225  I-UK    JU=ITOC 

J 11-    LEN<  N*<  JQ  )  )=0    THEN    N$<  JQ  )=STR*(  JQ  ) 

226  NEXI 

2i0  UPfcN    "0"  »1»FF$ 

IPKiNltlfRSCJ 

ILLUSE1 
240   UFEN    "0" »1  »F* 

♦ 

250    I-  UK  1  =  1  I  UK 

:i-uk.j  =  i  IUC 
:fkini*i>a<.  i  f  j  ); 

JNfcXI J»l 

260    CCUSt     1 

265   UFEN"U"  »  lyL* 

:hiki=i  me 
:kkimi#i»n-j.(  i  )j"  *"  i 
:nexi 
:cluse 

270   RETURN 

2y0   REM    *************************************************** 

2?ti  REM  SUBROUTINE    INPUT 

300   '1.       THIS    SUB    READS    FROM    THE    KEYBOARD 

305    '2.       MATRIX    A    IS    LOADED    AND    CAN    BE    SAUED    ON    DISK 

32ti   '6.       14-APR-79 

3.55   REM    *************************************************** 
340   CLS 

345   INPUT    "PLEASE    ENTER:    Nu.    ROWS    AND    COLS    (  R ,  C  ) . — >    ";R,C 
350   FL=8 

IPK1NI 

if  uk  j=1tuc 

:print"enter  the  name  for  variable  ";.jj"  -->  "; 

IG0S0B15 

:n$< j  >-in* 
: print 
:next 

35ti  CLS 

365   FUR    1  =  1    "10    R 
3/0   FKINi     "ROW    " J I 
3/5   FUR    J=I    TO    C 
3bO   FL=-I2 

IPRINI     "PLEASE    ENTER  i       VALUE    OF    COLUMN    "hi"     — >    "  i 

ICUhOb    15 
Mti  PRINT 

3V0   A<  1  ».J  )=VAL<  IN*  ) 
3Vti   NEX  1     J 
400   NEXT     I 
430   RE i URN 
4i5   EN  11 

440    ' *************************************************** 
445   '  SUBROOTINE    VIDEO 

450   •'       DISPLAYS    MATRIX    A<R?C)»13    ROUS    BY    4    COLOMNS    AT    ONCE 
455    '    OSES    ARROWS    IN    ALL    DIRECTIONS    TO    SEE    DIFFERENT    PACES 
460    '    OF    DATA.       "CLEAR"    WILL    TERMINATE    DISPLAY 
500    '  ****************************************************** 
510   CLS 

:iFR=0   OR    C=0    THEN    RETURN    ELSE    JJ=INT< C/4.1+1 ) 

III  =  INT(R/13.1ii  ) 
515   1=1 

:j=i 
525  if  r-13*i>=0.0  then  n=13  else  n=13k  r-13*i  ) 


15 


540  CLS 

:print"col:" ; 

:F0R    KK=OTU<L-l  ) 

:print  tab<  14*kk+8  )  n*<  <  kk+i  >+4*<  j-i  > >i 

545   NEXT    KK 

: PR I NT 

550  PRINT" 

555  FOR    M=l    TO    N 

560  PRINT    "R"5-M+13*<I-l)f"  J"9 

565  FOR    K=l    TO    L 

570  A=A<  H+13*<  1-1  >»K+4*<  J-l  )  ) 

575  PRINT    TAB<  14*(  K-l  )+8 )    A  J 

580  NEXT    K 

:  PR I NT 

585  NEXT    H 

586  A$=INKEY$ 
tIFA*=""G0T0586 

587  IF    A3CC A* )=31THEN619ELSEIFA3C< A*  )=9THEN588ELSE590 

588  IF.J+1>JJTHENJ=1ELSEJ=J+1 

589  GOTO   525 

590  IF    A5C<  A*)=8THEN59IELSE593 

591  IF     J-i<=OTHENJ=J.J    ELSE    J=J-1 

592  GOTO   525 

593  IF    ASG<A$)=i0THEN594ELSE596 
594-  IF    I+1>IITHENI  =  IELSEI=I+1 

595  GOTO    525 

596  IF    ASC< A$ >=91THEN597ELSE599 

597  IF    I-K=0THENI=IIELSEI  =  I-1 

598  GOTO   525 

599  IF  ASC(A$)=64  THEN  600  ELSE  601 

600  GOSOB  670 
JG0T0525 

601  IF  A3C(A$)=46  THEN  GOSOB  50  ELSE  613 

602  GOTO  525 

618  GOT 0586 

619  RETURN 

:end 

620  '*********£***********^^ 

622  'lineprinter  output  routine 

623  if  r=0  or  c=0  then  return 
624-  an$-"bata  set  name  — >  " 

:cls 

tprint@448» "press  <enter>  when  printer  is  ready."; 

:  INPUT    AN 

:th>=left$<  f$»len<  f*  >-i  ) 
:t*=an*+t* 

:GO3UB42000 

:lprint  tabczz  >;t$ 

tLPRINT    "     " 

JLPRINT    "    " 
630  JJ=INT<  C/4.1+1  ) 

:iI  =  INT(R/200.1  +  l  ) 
632  FOR  1=1  TO  1 1 

634  IFR-200*I>=-0*OTHENN=200ELSEN=200+<  R-200*I  ) 
636  F0R.J-1TEWJ 

638  ifc-4*j>=0-.0thenl=4else  l=4+<  c-4*j  ) 
640  lprint"cql:"; 
:forkk=oto<l-i  ) 

:LPRINT  TAB(  14*KK+3  )  N*<  (  KK+1  )+4*<  J-i  )  )» 

642  NEXT    KK 

644   LPRINT"     " 

646  LPRIN1  " 
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643  FOR    M^ITON 

650  LPRINT    "R"  Jfl+200*-:  1-1  )i"l"  } 

652  FOR    K=1T0    L 

654  A=+*<  M+20Q*<  1-1  )*K+4*<  J-l  ) ) 
656  LPRINT    TABC  14*<  K-l  )+3  )    A  J 

653  NEXT  K 
660  LPRINT 
662  NEXT    M 

664  LPRINT    "     " 

ILPRINT    "    " 

I LPRINT    "     " 
666  NEXT    J,  I 
668  RETURN 

670  '  *********************************** 

671  'SCREEN    PRINT    ROUTINE-      ACTIVATED    BY    PROGRAMMED    "6"    A3C(  64  ) 
67  2  '  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  / 

673  IF    PEEKC  14312  K>63    THEN    RETURN 

674  LPRINT    STRING*<  64.  "  +  "  ) 

675  FOR   N=    15360    TO    16383    STEP    64 

676  A*="    " 

679  FOR   Q-OT063 

680  Z=FEEK<  N+Q  ) 
:IFZ>0ANDZ<27THENZ=Z+64ELSEIFZ<32THENZ=32 

681  IFZ>=127    AND    Z<=191    THEN    Z=42 

682  B*=CHR*<  Z  ) 

683  A*=A$FB* 

684  NEXT   Q 

685  IF    PEEKv  14312  )<>63THEN    RETURN 

686  LPRINT    "    " 

t LPRINT    At 

687  NEXT    N 

688  LPRINT    STRINGS  64*"+"  ) 

689  FOR N= IT 03 
: LPRINT  " 
INEXT 

690  RETURN 

695  run"main/bas" 

:end 

710  'generalized  i/o  subroutines  for  program  starters 

7  20  '  /  /  /  //////  /  /  /  /  /  /  /  /  /  / 

735  CLS 

:T*~"NORTHERN  HARDWOODS  LABORATORY?  USPS*  MARQUETTE*  MI" 
:G0SUB42000 

736  T$ ="//////  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  " 
:GOSUB42000 

737  PRINT 

738  T*="MENU  FOR:   GENERAL  LINEAR  REGRESSION  ANALYSIS  SYSTEM 

739  G0SU342G00 
I PR I NT 

740  IF  TX--1  THEN  GGSUB  40000  ELBE  750 
750  TX=1 

tPRINT"   1.   RETURN  TO  MAIN  MENU  2.   GOTO  BASIC 

760  PRINT"  3.  READ  A  MATRIX  FROM  BISK      4.  WRITE  A  MATRIX  TO  DISK 

770  PRINT"  5.  ENTER  A  MATRIX  MANUALLY      6.  DISPLAY  MATRIX  ON  VIDEO 

780  PRINT"  7.  PRINT  MATRIX  3.  GENERAL  LINEAR  REGRESSION 

790  PRINT"  9.  BARTLETT'S  TEST  FOR  HOMOGENEITY  OP  VARIANCES" 
900  PRINT 

iprint" select  one  of  the  above  — >  "5 

:fl=-2 

:gosubil3 

:an=val<  in* > 
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:IFAN<=0GRAN>16THEN740 
910  ON    AN   GUSUB    695» 43000 1 125» 220»340»510 »620 »2000 i 3000 
920  GOTO    735 

1000    '  ^^^^^&^&^^&^*^&**^^*^A^&**-&^^^^**^&^&^^*^ 
1010   'SINGULAR    VALUE    DECOMPOSITION 
1020   '  FQRSYTHE    1977    CH.9    PP.  193-235 
1030  'INPUT 

:    A<HiN)  WHERE    H>=N 
1040  'OUTPUT 

I    W   CONTAINS   N    UNORDERED    SINGULAR    VALUES   OF    A 
1050  '  U  &    V    CONTAIN    THEMSELVES 

1060  ' ///////////////////////// 
1065  ttV*="TRUE" 

:HU*="TRUEM 
1070   IE=0 

:ri=r 

:ci=c 

:m=r 

:n=c 

:nm=r 

:fori=itom 

:for.j=iton 

:U(  I»J  )=A<  If  J  ) 

:nextj>i 

1080  'householder  reduction  to  bidiagonal  form 

1090  G=0 

: SCALE =0 

:ar=o 

1100  F0RI=1T0N 

:l=i+i 

:rvk  i  >=scale*g 

:g=o 
:s=o 
:scale=o 

:iFI>MTHEN1160 
1110  FOKK=ITOM 

:scale=scale+absc  ut  k» i ) ) 

JNEXTK 

:IFSCALE=0THEN1160 
1120  FORK=ITOM 

:U(K»I  )=U<K»I  )/SCALE 
:S=S+U(K,I  )C2 

:nextk 

1130  F=U( 1*1  ) 

:ss=sgn< F  ) 

:g--i*ss*abs<  sqr(  s  ) ) 
:h=f*g-s 
:u<  I»I  >=F-G 
IIFI=NTHEN1150 
1140  FQRJ=LTON 

;s=o 
:fork=itom 

:S=3+U<  Kfl  )*LK  K»J  ) 

:nextk  ^ 

;f=s/h 

:furk=itom 

fU<  K»J  )=U(K*.J  )+F*U<  K»I) 
SNEXTK 

:nextj 
1150  furk=itom 

:UvK»I  )=SCALE*IK  K > I  ) 
JNEXTK 
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1160  W(  I  )=5CALE*G 

:g=o 
:s=o 
:scale=o 

tIFI>M0RI=NTHEN1230 
1170  F0RK=LT0N 

tSCALE=SCALE+ABS<  U< IfK  )  ) 

tNEXTK 

tIFSCALE=0THEN1230 
1180  F0RK=LTGN 

tLK  I»K)=0<  I»K  )/SCALE 

:s=s+u<  I»K  )t2 

:nextk 

1190  F=U<  I»L) 
tSS=SGN<F ) 

:g=-i*ss*abs(  sgrc  s  ) ) 
:h=f*g-s 

:iK  I>L)=F-G 
1200  F0RK=l_TON 

:rvkk  >=u<  i»k  )/h 

tNEXTK 
tIFI=MTHEN122Q 

1210  FOR.J=L10H 

ts=o 
:fork=--ltgn 

:S=SfU(  J»K  >*IK  IiK) 
tNEXTK 

:fork=ltgn 

tLK  J»K  )=U<  J»K  >+S#RVK  K  ) 
tNEXTK 

:  NEXT. J 
1220  F0RK=LT0N 

IU<  IrK)=SCALE*U<  I»K> 

tNEXTK 
1230  TT=ABS<  Uv  I  )  )+ABS<  RVK  I  )  ) 

tIFTT>ARTHENAR=TT 
1240  NEXT  I 

1250   'FORM    THE    U    MATRIX    IF    MV="TRUE" 
1260  IFMV4="TRUE"TH£N1270ELSE135Q 
1270  FORI  1  =  1  TON 

tI=N+l-II 

tIFI=NTHEN1320 
1280  IFG=0THEN1310 
1290  FORJ=LTON 

tV(  J  f  I  )=<  U(  I »  J  )/0(  I ,  L)  )/G 

:nextj 

1300  FORJ=LiON 

ts=o 
:fork=lton 

tS=S+U<  I»K  )M\>\  Kf  J  ) 

:nextk 

tFORK=LTON 

IW  K  y  J  )=V<  K » J  )+S*V<  K 1 1  ) 

tNEXTK 

{NEXT  J 
1310  F0RJ=LT0N 

tVC  I»J  )=0 

tV(J»I  )=0 

t NEXT J 
1320  V<  I»I  )=1.Q 

:g=rvi<  i  ) 
;l=i 
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1330  NEXT    II 

1340   'COMPUTE    U    IF    HU="TRUE" 

1350  IFMU$='TRUE,,THEN1360ELSE1470 

I3e>0  MN=N 

JIFM<NTHENMN=M 
1370  F0RII=1T0MN 

:i=rtN+l-II 

:l=i+i 
:g=w<  i  ) 

:IFI=0THEN1390 

1380  fgrj=lton 
:lk  i».j  )=o 

:  NEXT J 

1390  IFG=0THEN1430 
1400  IFI=ttNTHEN1420 
1410  F0RJ=LT0N 

:s=o 

:fork=ltoh 

ts=s+u<  k»i  >*u<  k».j  ) 

INEXTK 

:F=(S/U(  l»  I  >>/G 

:fork=itom 

:lkk,.j  )=ik  k»j  )+f*u(k»i  > 

:nextk 

:  next J 

1420  FOR.J^ITGtt 

:u(j»i  )=lk  j,  i  )/g 
:next.j 

:G0T01440 
1430  F&R.J=ITOM 
J  IK  Jrl  )=0 
I  NEXT J 

1440  U<  I»I  )=LK  I»I  )+l 

1450  NEXT  1 1 

1460   'DIAGONALIZATION    OF    THE    BID I AGONAL    FORM 

1470  F0RKK=1T0N 

:ki=n-kk 

:k=kifi 

:its=o 

1480  F0RLL=1T0K 

:li=k-ll 
:l=li+i 

:iF(  ABS(RVKL)  )+AR  )=AR  fHEN1560 
1490   IFC  AB3C  U(  LI  )  )+AR  )=ARTHEN151Q 
1500  NEXTLL 
1510  C=0 

:s=i 

:fori=ltok 
:f=s*rvk  i  > 

:iF(  ABS<  F  )+AR  )-ARTHEN1560 
1520  G=U<  I  ) 

tK=SQR(F*F+G*G > 

:u(  i  )=h 

:c=g/h 

:s=-f/h 

: ifmu$=" true" then 1530else 1540 

1530  F0R.J=1T0M 
:Y=U(  J, LI  ) 

:z=u<j»i  > 

:u<  J»L1  )=Y*C+Z*S 
:UC  J*I  >=-Y*3+Z*C 

;  next J 
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1540  NEXT  I 

1550  'TEST    FOR    CONVERGENCE 

1560  Z=U<  N  ) 

;IFL=KTHEN1670 
1570  IFIT3=30THEN1720 
1580   ITS=-ITS+1 

;X=W(L  ) 

:y=u<  ki  ) 

:g=rvkki) 

:h=rvkk> 

:f=<  (  y-z  )*<  y+z  )+(  g-h  )*(  g+h  )  )/<  2*h*y  ) 

:g=sqrvf*f+i  > 

tSS=SGN( F ) 

:SF=SS*AiiS<G  ) 

:F=<  (  X-Z  )*<  X+Z  )+H*(  Y/(  F+3F  )-H  )  )/X 

:c=i 
:s=i 

1590  F0RII=LT0K1 

:i=ii+i 
;g=rvk  i  ) 
:y=w<  i  ) 
:h=s*g 
:g=c*g 

:z=sqr\f*f+h*h  ) 
:rvk  id=z 
:c=f/z 
:s=h/z 
:f=x*c+g*s 

:fr=-X*3+G*C 

:h=y*s 
;y=y*c 

:iFrtV$=" TRUE" THEN! 600ELSE1610 
1600  FGRJ=1T0N 
:x=v<  J»II  ) 
:z=v<j,i  ) 
:v(  jt-ii  )=x*c+z*s 
:v<.j*i  )=-x*3+z*c 

: NEXT J 
1610  Z=SQR\F*F+H*H) 

:w*  ii  )=z 

:IFZ=0THEN1630 
1620  C=F/Z 

:s=h/z 

1630  F=C*G+S*Y 

:x=-s*g+c*y 
jifmu$="true"then1640el3e1650 

1640  FQRJa-lTQft 
:y=u<  J,  II  ) 
:z=u<  jri) 
:uc  jf-n  >=y*c+z*s 
:u<  jt-i  >=-Y*s+z*c 

: NEXT J 
1650   NEXT I I 
1660  RV1(L)=0 

:rvkk)=f 
:u(K)=x 

:GGT01480 
1670   IFZ>=0THEN17OO 
1680  Ui  K  )=-Z 

:IFMV$="TRUE"THEN169QELSE1700 
1690  F0R.J  =  1TGN 

IKK  J»K  )=-Y<  JyK) 
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:  NEXT. J 
1700  NEXTKK 
1710  GQTQ1730 
1720  IE=K 
1730  RETURN 

2O10  'LINEAR  REGRESSION  CONTROL  MODULE 
2020  '  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  / 
2030  CLS 

:PRINT@128V'ENTER  VECTOR  Y<M)  IN  X*B=Y   UHERE  R=M  &  C=l." 

:G030B130 

:tss=o 
:mss=o 
:fori=itqr 
:yc  i»d=a<  if  i  ) 

:TS3^TSS+Y(  l»l  )*Y(  I»l  ) 

:mss=mss+y< i»i  ) 

: NEXT I 
2040  CLS 

tPRINT@128V  ENTER    MATRIX    X(M»N)    OF    X*B=Y." 
IG0SUB130 

2042  IFF*="  XM"  THEN2045ELSEF*-"  X,! 

2043  &B*="1" 
:G0SUB222 

2045   CLS 

:PRINT@458i "PLEASE    BE    PATIENT.       COMPUTATIONS    IN    PROGRESS. 
IGOSUB    100O 

: '  svd 
2050  if  ieoothencls 

sprint@458i  "error  return  from  svd" 

;STQP 
2060  UI  =  10000 

;um=o 
;forj=iton 

tIFU(  J  »UMTHENWM=UK  J  ) 
2065  IFW(  J  KWITHENWI=W<  J  ) 
2070  B<  J  )=0 

I  NEXT  J 

:cls 

jprint@448r" number  of  significant  figures  in  rau 

:fl=-i 

:gosubi5 

JS=VAL(  IN*  ) 

:s=s+2 

:re=o.ics 

:ta=re*um 

t'ta  sets  effective  rank  and  is  arbitrarily  computed 

2030  RR=0 

:forj-iton 

:iFU<  J  K=TATHEN2100 
2090  RR=RR+1 

:s=o 

:fori=itom 

;s=s+u<  i» j  >*y<  i»i  > 

:  NEXT I 

:s=s/u(  j) 

:fori=iton 

:b<  i  >=b<  i  >+s*w  i»j) 

: NEXT I 

:sv(  j)=(  i/u(.j  )  )C2 
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M>  NEXTJ 

yi   IFRR<MTHEN3<  N+6  )~-i 

IPRINT 

{print"  warning! !     matrix  is  singular." 
:elseb<  n+6  )=ui 

r   B<  N+4  >=RE 

:b<  N+5)=wrt 

:B<  N+7  )=MSS/M 
>  ESS=0 

;fori=itom 
:ri=o 

:forj=itgn 
:ri=ri+b<  j  >*a(  i»j  ) 

JNEXTJ 

;ess=essk  ri-y<  i» i  ) >C2 

tNEXTI 
20  ttSS=tt*<  MSS/M  )C2 
ISE^SQRCESSA  M-RR  )  ) 
:F0RI=ITQM 
JY(  Ir2i=0 
IFQRJ=1T0N 
:Y<  If 2  >=Y<  I»2  )+Ai  I»J  )*B<  J  ) 

:nextj 

;y<  1,3  )=Y<  It i  )-Y<  If 2  ) 
:Y(  1,4  )=Y(  If 3  )/SE 
;  NEXT I 
30  RSS=  f SS-ESS 

:rmss=rss-mss 
:tmss=tss-mss 

;iFA<  If  1  )=IANDA(  INT'.  N/2  )»1  >=lANDA<N»i  )=iTHENrtEAN*="  TRUE"ELSEMEAN*="FAt  SE" 
40  'DECISION    BRANCHES    FOR    ANOVA    TABLES 
50  IFHEAN*='TRUE"THEN2I/0 
60  RR=RR+1 

sfr=<  RSS/RR  >/<  ESS/C  rt-RR  )  ) 

:dn=rr 

IBD=rt-RR 
I  GUSLIS  I0OOQ 
1 A6=RR 
;A7=RSS 

;a3^rss/rr 
:a9=fr 
:zi=fb 
:z2=n 

:Z3=TSS 
IGOTQ2220 
70  CLS 

:print0448» "include  term  fur  mean  in  angvar  i y/n  )  — >  "j 
:fl=i 

IGUSUBiS 

I  IF IN*=,*Y"THENFH*»" TRUE "ELSEFrt*-" FALSE" 
80  IFFtt-*=" FALSE"  THEN2200 
90  Al=l 

lA2=rtSS 

:A3=^1SS 

iFR=HSS/<  ESS/C  rt-RR  )  ) 

:a4=fr 

:dn=^i 

:dd=m-rr 

tGOSUBlOOOO 

:a5=fb 
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:A6=RR-1 

:a7=rmss 

:A8=RMSSA  RR-i  ) 
:FR=Aa/(  ES5/( rt-RR  )  ) 

:a9=fr 

:bn^rr-i 

:dd=m-rr 

:gosubioooo 

:zi=fb 

:Z2=M 
tZ3=TSS 
:GOT02220 
2200  Aa=RR-l 
:A7=RHS3 

:a3=rmss/<rr-i ) 

tA9=A3/(ES3AM-RR  )  ) 

:fr=a9 
:dn=rr-i 

:dd=m-rr 

:gosubioooo 

tZl=FB 
IZ2=M-1 

;Z3=TMSS 
2210   'ANOVA    TABLE    DISPLAY 
2220  CLS 

SPRINT01QV REGRESSION    ANALYSIS    OF    VARIANCE    TABLE" 
2230  PRINT@12SV SOURCE"  »TAB<7  >!,DF"  JTAB<  15  )"SS"  J  TAB<  23  )"MS"  »  TAB(  43  )"F"  >TAB<  50  )"PR 
BABILITY" 

2240  PRINT@192»" " 

2250  IFFM$=" TRUE" THEN2260ELSE227O 

2260  PR  INT "MEAN"  »TAB(6  )Al7TAB<  12  )A2>TAB(  25  )A3JTAB<  40  )A4  >TAB<  53  )* USING" *.♦#**"? A5 
2270  PRINT"REG. "  JTAB<  6  >A6iTAB<  12  )A7  JTAB<  25  )A3»TAB<  40  )A9  ?TAB(  53  )?USING"*  .  ***#"  »Z1 
2280  PRINT"ERROR"  JTAB<  6>M-RR?TAB<  12  jESSH ABC  25  )ESS/<  M-RR  ) 

2290  PRINT" " 

2300  PRINT"  TOTAL"  JTAB<  6>Z2»TAB<  12)Z3 

2305  PRINT" MEAN   OF    RESPONSE    VARIABLE    Y    =    "B<N+7) 

2310  PRINT"STD*DEV.    OF    ERRUR=    "SGR<  ESS/<  M-RR  )  )i  "       C.V.    OF    Y   =    "  i  USING"  *#*.*"  i<  <  S 

R(ESS/(  tt-RR  >  >  )/B<  N+7  >  )*10O 

:ifmean*="true"thenr2=rttss/tmsselser2=rss/tss 
2312  pr  int  "multiple  correlation  coefficient  < r**2  )  =  "jr2 

:f'rint" regression  coefficients" 

:fori=oton-i 

i if«eaw$=" false" then2330 
2320  print"  b"  i"  =  "b<i  +  1  >» 

:GOTO2340 
2330  PRINT"B"I+1"=    "BCI  +  1)> 
2340  NEXT  I 
2345  A-*=INKEY* 

:iFAJ="  "THEN2345ELSEIFA3C':  A*  )=64THENGQSUB670 
2350  IFHEAN*="  FALSE"  THEN2380 

2360  IFFH$^"TRUE"THENB*="WITHaUT"ELSEB$  =  "bJITH" 
2370  CLS 

:print(i?448»"want  to  view  the  anova  "b$"  the  mean?  (  y/'n  )  — >  "i 
:fl=i 

1GQSU315 

iIFIN*=,,N"THEisl2380ELSEIFINi  =  ,,Y"ANDB*-"UITH"THENFM$  =  ,,TRUE" 
SGOTQ2190 
;ELSEFM$=" FALSE" 
;GOT0220O 
2380    'SAVE   Yf<  X'X  )-lfAND    B    UITH    B<  0  )=RR 
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\2   CLS 

iprint0448v compute  confidence  intervals  or  do  error  analsis?  ( y/n  )  — : 

:gosubi5 
;ifin*="n"thenreturn 

ft  CLS 
iPRINT@448f  "MATRICES    Y(.»4)»    (X'X)-ii    AND    B<  ♦  )    WILL    NOW    BE    SAVED." 

;print"be  sure  a  data  disk  is  in  drive  *1." 

;print 
!  :primt"<enter>   TO  CONTINUE." 
ft  A*=INKEY* 
|    ;iFA$=""THEN2386 
10  FQRI=1T0M 

!  :fqrj=ito4 

IA<I»J  )=Y(  I»d  ) 
INEXTJyl 

:ff$="Yn;i" 

:l$="yl:i" 

:f*="yh:i" 

I    JNHK1)="Y" 

I    iN*<2  >="YHAT" 

JM*\3)="EHAT" 

|N:4(4  )="ZHAT" 

:r=m 

IC=4 
SGGSUB225 

)5  IFMEAN*="TRUE"THENB(N+2)=lELSEB<N+2>=2 

bo  b<  N+a  )=w 

1BCN+1  >=ESS/(tt-RR) 
:b<.  N+3  >=RR 
:fori=iton-»-3 

:nexti 

JN*<  1  )="  1" 

:ff$="bn;i" 

:L*="BLll" 
;F*^"BM;i" 

:r=n+3 
:c=i 

:GQS03225 
t&  FORI=1TON 

:n<ki  >=str*<  i  ) 

:nexti 

s'set  column  labels  correctly 

!10  FGRI-1TON 
IF0RJ=1TQN 

:u<  irj  )=sv>:  i  >*v<  j»d 

:nextj»i 

:fori=iton 

:pqr.j^itqn 

:a<  i»j  >=o 

:pork=iton 

:a*  i,  j  )=a<  i »  j  >+v<  i  »k  >*ik  k»j  ) 

:nextk»j*i 

iFF*="XPXIN;i" 
♦L$="XPXILI1" 

:F$^"XPXirt;i" 

:r=n 

:c=n 

:G0SUB225 
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24-20  RUtf"GLRl/BA3" 

3010  'BARTLETT'S    TEST    FOR    HOMOGENEITY    OF    VARIANCES 
3020  '  AFTER 

:    SOKAL    AND    R0LFE    1969,    PP *    370-371 
3030   'USER    MOST    INPOT    VARIANCES    AND    THEIR   DF'S 
3040  '  ////////////////////////////////// 
3050  CLS 

:PRINT(3448»"T0    OSE    THIS    ROUTINE    YOU    MOST    HAVE    THE    VARIANCES    AND    THEIR    DEGREE: 
OF  FREEDOM.       THEY    ARE    NOT    COMPUTED    FOR    YOU    IN    THIS    ROUTINE." 

iPRINT 

:PRINT" ENTER  <Y>  IF  YOU  HAVE  THEM  AND  <N>  IF  YOU  DO  NOT." 

iPRINT 

: PR I NT" ENTER    — >    " i 
30A0  FL^l 

3070:'£f_^n$--=  "  y"  then3070elseret0rn 

:print(<*448»"  enter  the  number  of  variances  to  be  compared  — >  "j 

:fl=-2 

:gusobi5 

:ni=val< in* ) 

:r=ni 

:c--=2 

JN$(  1  )="  VARIANCE" 

:N*<2>^-"B.F" 
3075  CLS 

:PRINT"ENTER    VARIANCE    S2< I  )    AND    D.F.=    N(I)-1." 

IPRINT 
3080  FURI=IT0N1 

iPRINT" VARIANCE    #"!"=" J 

IFL=-3 

:G0SUB15 

:A(  Itl  )^VAL(  IN*  ) 

IPRINT"  DF    *"I"="i 

:fl=-3 

:G030315 

:A<  I*2)=VAL<  IN*  ) 

: PR I NT 

:nexti 

3090  CLS 

:PRINT@448»"D0    YOU    WISH    TO    REVIEW    THE    ENTRIES    ABOVE?    (Y/N)    — >    "r 

:fl=i 

:gusubi5 
iifin$="n"them3100elsegqsub510 

3100  CLS 

:print0448» "enter  <c>  to  continue.  <r>  to  restart  data  entry.  — >  " 5 
:fl=i 

:G030B15 

:IFIN$="C"THEN3110ELSE3030 
3110  CLS 

:PRINT0448»"TO    AVOID    NEGATIVE    LOGARITHMS.    ALL    VARIANCES    MUST    BE    GREATFR" 

:print"than  one  (i.o.     are  they?  cy/N)  —  >  "J 

:fl=i 

:gosubis 

:ifin*~"  y"  then3130 

3120  PRINT 

:print"enter  THE  CONSTANT  multiplier   to   insure  no  neg.   logs  — >   "i 

:fl=4 

:gusubi'5 
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ICl^VALC IM$  ) 

:fori=itoni 
:a*i»i  )=ci*a(  iii) 
:nexti 
:ggsub5io 

3130  CL3 

SPRINT@458t" PLEASE    BE    PATIENT.       COMPUTATIONS    IN    PROGRESS." 
3140  S5=0 

:s4=o 
:si=o 
:s2=o 

:fori=itoni 
:si=si+a<  i»2) 

:S2=S2+A(  If  2  )*A(  III  ) 

:S4-S4+AC  1 1 2  )*(  LOG(  A(  1 , 1  )  )/L0G<  10  )  ) 

:S5=S5+1/A(  If 2  ) 

: next i 

:S3=S2/S1 

:S3=L0G<33  )/LOG(  10  ) 
3150  CHI2=2.3026*(  (  S1*S3  )-34  ) 
3170  CF=l+<  l/(  3*(  Nl-1  )  )  )*<  S5H  1/S1  )  ) 

:CHI2=CHI2/CF 
3180  LLS 

IFRiN'l  1*448  f"  CHI    SQUARED    -    "CHI2"    WITH    "Nl-1"    DP." 

; PR I NT 

IPRIWT" REJECT  HOMOGENEITY  OF  VARIANCES  IF  CALCULATED  VALUE  (ABOVE)  IS   GREATf 
R  THAN  TABLE  VALUE.  (LOOK  IT  UP)" 

t PRINT 

:print"<enter>  to  RETURN  TO  MAIN  MENUE." 
3190  A$=IMKEY$ 

:iFA*=""THEN3190ELSERETURN 
10000   •'  *************************************** 
10010    'SUBROUTINE      FPR03 
10040    '  INPUT 

:    FR=R    RATIO      BN=NUrtERATOR    DP      DIi=DENQMINA TOR    DF 
10050   'OUTPUT 

:    FB=    PROBABILITY    OF    F 
10060   •'  ///////////////////// 
10065   X#=l 

:IFFR<1THEN10030 
10070  S*=BN 

:t#-dd 

:zzi*=fr 

:gotoioo?o 

10080   S#=DIi 

:t#=dn 
:zz*=i/fr 

10090  J5=2/9/S* 
JK5=2/9/T* 

:Z*=K5*ZZ#L(  2/3  )+.J5 

:gosubio-5oo 

:Y#=ABS(  (  1~K5  )*ZZ*L(  1/3  >-l+J5  )/Z3# 
SIFT*<4THEN10110 
10100   X*=.'5/(  lit**-.  .i96854+Y#*C  .115194+Y#*v  .000344  +  Y**  .019527  )  )  )  )C4 
:X#=INT( X#*1Q000t . 5 5/10000 

:ggtoioi20 

10110   Y*=Y#*t  1t.03*Y#L4/  f#L3  ) 

1GOT010100 
10120   IFF#>1THEN10140 
10130   X*=l-X* 


27 


10140    FB=1-X* 
10150    RETURN 
10500   Z3#=SQR<  Z*  > 

:Z3*=<  Z3*+Z*/Z3*  )/2 

:Z3*=<  Z3*+Z*/Z3*)/2 

IRETURN 
40000   M=100 

:n=io 

:DIN  m<  N)»ACHfN)tW(N)»U(ttiN  >-rWN»N  )f  RVK  N  >i¥t  H»4  >»B<  N+3  )  »SV(  N  >»XI(  N»N  ) 
40015   MV=-99.99 
40O2O  RETURN 
42Q0O   CC=LENt  T*  ) 

:ZZ~IMK30-GC/2> 

IPRINT    TAB<ZZ)JTi 

I  RETURN 

:•' CENTERING  ROUTINE 
43000  END 
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APPENDIX  II.  Source  code  listing  for  program  GLR1/BAS 


10  CLEAR   500 

:tx=-i 
:gotozoo 

I'GLRl/BAS      VERSION  02/19/81 

14-  'ANSWER    INPUT   ROUTINE 

15  P=<  256*PEEKC  16417  HPEEKC  16416  )  )-15359 

:iF    ABS<FL)=1THEN16EL3E24 

16  im="" 

:print@p,chr*c  136)» 
:lx=i 

17  IN$^INKEY* 

:IFIN*=""THEN22 

18  IFFL=-1    AND    ASCC  IN*  )>47    AND    ASCC  IN*  K5&   THEN    21 

19  IF  FL-1    AND    ASCC  IN*  )>64    AND    ASCC  IN*  K91    THEN    21 

20  GOTO    22 

21  PRINT@P,IN* 

: RETURN 

22  LX=LX+1 

iIFL<16THEN17 

23  PRINTBPr"    "  i 

iF0RLX=lT025 

INEXT 

:GOT016 

24  PRINT0P.    CHR*<  136  )i 

:in*="" 
:lx=abs<fd 

:GGSUB34 

25  A*=INKEY* 

:IFA$=""THEN25 

26  IFA$=CHR*C 13  )THENPRINTCHR*< 15 >* 

t RETURN 

27  IF   A*=CHF<$C3)THENIFIN*<>M,,THENPRINTA*i 

:PRINTCHR*(  136  )fCHR*(24  >! 
:IN*=LEFT*C  IN**LENC  IN*  )-l  ) 

:lx=lx+i 

;GOTQ25 
:ELSEG0TQ28 

28  IFA*=CHR*C  24  )THENPRINTCHR*C  29  >» 

:GQTQ24 

29  IF   FL>0    AND    ASCC  A*  )>31    AND    ASCC  A*  K91    THEN    32 

30  IF    FL<Q    AND    ASCC  A*  )>=45    AND    ASCC  A*  X5S    THEN    32 

31  GOTO    25 

32  IF   LX=Q    THEN    25 

33  PRINT    A*» 

JIN*=IN*+A* 

:lx=lx-i 

t  GUT  025 

34  FOR   IX=1TULX-1 

JPRIMT    CHR*C  136  )i 

;next 

:forjx=itolx 
:print  chr*c24>; 
:next 

: RET URN 
50  ' ************************************ 
52  'CHANGE    VARIABLE   NAHE3 
54  '///////////// 
56  CLS 

:PRINT@448» "WHICH    COLUMN'S    NAriE   WILL   BE   CHANGED?    — > 
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:'Fl=-2 

{G0SUB15 

iXJ=VALC IN*  > 
: PRINT 

:print"please  enter  new  name  — >  d* 

;FL=a 

:gosubi5 

:n$<xj  >=in* 

; RET URN 

i  a  a     -'  i  i  w  4  i  4  4  t  4  4  ^W^w^'A^^  A'  i  i  'i  i  i  i  'i  i  i  ^  A  4  i  i  i'  i  i  i  i  i  i  i  i  t 
^  ^v'        ^  ^*  ^*  *  w  *^  *  ^  ^  ^  ^  ^  ^  *  *  ^*  ^*  ^"  ^  ^  ^  ^'  *r  *P  V  *9*  *P  *!■  I*  *  ■P'  *P  *  fl^  ^  "P1  *•  *  fl*  ^  *!■  *  * 

110  'READ  SEQUENTIAL  DATA  SET  FROM  DISK 

120  '////////////// 

125  CLS 

130  PRINI@448>" ENTER  FILENAME  OF  DESIRED  DATA  SET  — >  "J 

: INPUT  F$ 
135  FF*=F*+"N" 

:L*=Fi+"L" 

:f$=f$+mm" 

140  OPEN    "I"il»FF* 
;iNPUT#l»RrC 
iCLOSEl 
J' GET    R»C    VALUES 

145  OPEN    "I"  iliL* 
:FQRK=iTDC 

:input#1»nkk) 
:nextk 

146  CLOSE 

150  OPEN    "I"  il,F* 

t 

160  FGRI=1T0R 

:for.j=itoc 
:input*i»a<i».j  > 
:next.j»i 

170  CLOSE    1 
ISO  RETURN 

-t  qa     /  1 4'  1  i  ^  4  i  i '^  i  i  4  i  i  i  i  i  H  i  1  i  i  ^  i  i  i  W  ^  ^  i  W  i  i  i  ^  i'  t  A  ^  4  i  ^  ^  i'  4  ^ 
X  /  \J  ^  ^"  ^  ^  *  ^  t  ^*  ^h  *  ^  *  ^N  *  ^*  *  ^  ^  *  ^  ^  *  ^  ^  *^  *^  ^  ^  *^  ^  *■  *  "f^  *  V  *  v  ^*  fl*  *  fl*  ^  *l*  fl*  •I*  ^  fl* 

200  '  WRITE  A  SEQUENTIAL  MATRIX  TO  DISK 
210  '//////////////// 
220  CLS 

iPRINT@448r" ENTER  FILENAME  OF  NEW  DATA  SET  — >  "J 

: INPUT  F* 

iPRINT 

iPRINT" ENTER  DISK  DRIVE  #  WHERE  DATA  SHOULD  BE  SAVED  ~> 

i INPUT  DD* 
222  FF*=F$+"N:"+DD* 

:l$=f$+"l:"+bd* 
:f*«f*+"hj"+bb$ 

225  FOR  JC*=1T0C 

:iF  LENCN$<  JQ  )  )=0  THEN  N$<  JQ  J=STR*<  JQ  ) 

226  NEXT 

230  OPEN   "0"tl»FF$ 
iPRINTtlfR^Cf 

:closei 

240  OPEN    "0" *1,F$ 

ft 

250  FOR  1=1  TOR 

IFORJ-ITQC 

iPRINT *1»A< I»J  n 

INEXTJrl 
260  CLOSE    1 
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265  0PEN"O"fl,L* 

;fori=itoc 

:PRINT#1iN$<I  )}"  r"  r 
iNEXT 
i CLOSE 
270  RETURN 

290  REM    ***********************t****.********)it**^**^**^)(t**** 

295  REM  SUBROUTINE    INPUT 

500  '1.      THIS  SUB   READS   FROM   THE    KEYBOARD 

305  '2.      MATRIX   A    IS  LOADED   AND   CAN   BE   SAVED   ON   DISK 

325  '6.      14-APR-7? 

335  REM-    *******************.******************#********>.**** 

340  CLS 

345   INPUT    "PLEASE    ENTER:    NO.    ROUS    AND    COLS    (RrC>*~>    "  »R»C 

350  FL=& 

I  PR INT 

:for  J=1TQC 

:print"enter  the  name  for  variable  "»jj"  — >  "; 

:G0SU315 

:n*vJ)=in$ 

:print 

:next 

355  CLS 

365  FOR    I«l    TQ   R 
370  PRINT    "ROW    "  fl 
375  FOR   J~l    TQ    C 
380  FL=-12 

:PRINT    "PLEASE   ENTER:      VALUE    OF    COLUMN    "JJ"    — >    "J 

:GU5UB    15 
3&5  PRINT 

390  MI»J>=VAL(  IN*  ) 
395  NEXT   J 
400  NEXT    I 
430  RETURN 
435  END 

445  '  SUBROUTINE   VIDEO 

450  '  DISPLAYS   MATRIX  ACR»C)»13   ROUS   BY   4  COLUMNS    AT   ONCE 

455  '  USES    ARROWS    IN  ALL  DIRECTIONS    TO   SEE   DIFFERENT    PAGES 

460  '  OF   DATA.       "CLEAR"    WILL   TERMINATE    DISPLAY 

510  CLS 

:iFR=0    OR   C=0    THEN   RETURN    ELSE    JJ=INT( C/4. 1  +  1  ) 

tII-IN.TCR/13.1+1) 
515  1=1 

:j=i 
525  if  r-13*i>=0.0  then  n=13  else  n-13kr-13*i  ) 

535  if  c-4*j>=0.q  then  l=4  else  l=4+(  c-4*  j  > 

540  CLS 

:print"cql:"j 
:for  kk=oto<  l-1  > 

;PRINT    TAB< 14*KK+3 >   N$<(KK  +  1  )+4*<  J-l  ))? 
545  NEXT  KK 

:print 

550  PRINT" 

555  FOR   M=l    TQ  N 

560  PRINT   "R"  J M+13*<  1-1  );":"  i 

565  FOR    K=l    TO  L 

570  A=A<.M+13*(  1-1  )»K+4*(  J-l  )  ) 

575  PRINT    TAB<  14**  K-l  >+8  )    At 
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580  NEXT    K. 

:print 

585  NEXT   rt 

586  **  =  INKEY$ 
:IFA$="" GOT 0586 

587  IF    A3CX  A*  >=31THEN6I9ELSEIFASC<  A*  >=9THEN588ELSE590 

588  IF.J+1>JJTHEN.J  =  1ELSEJ=J  +  1 

589  GOTO  525 

590  IF    ASCt  A$  )=8THEN591ELSE593 

591  IF    J-K=OTHENJ=JJ    ELSE   J=J-1 

592  GOTO  525 

593  IF    A3C( A*  )=10THEN5?4ELSE596 

594  IF    I+1>IITHENI=1ELSEI=I+1 

595  GOTO  525 

596  IF    ASCCA$  >~91THEN597ELSE599 

597  IF    I-K=0THENI  =  IIELSEI  =  I-1 

598  GOTO  525 

599  IF    A3CC  A$  >=64    THEN    600    ELSE    601 

600  GO  SUB   670 
:GQT0525 

601  IF    A3CC  A*  >=46    THEN   GOSUB   50    ELSE   61B 

602  GOTO  525 

618  GOT 0586 

619  RETURN 

:end 

622 'linepr inter  output  routine 
623  ii-  r=0  or  c=0  then  return 

624  Ah4*="BATA  SET  NAME  ~>  " 

:cls 

:print@448*"press  <enter>  when  printer  is  ready*"; 

t  INPUT    AN 
:T*=LEFT$CFi»LEN<  F$)-l  ) 

:t*=an*+t$ 

iG0S0B42Q0O 

:lprint  ta.b<zz>»t$ 

I  LPRINT    "    " 

I  LPRINT   "    " 
630  JJ-INT(C/4»1  +  1  ) 

:II=INKR/200. 1  +  1 ) 
632  FORI  =  1TOII 

634  IFR-2O0*I>=0»OTHENN=2Q0EL3EN=200+-*R-2OO*I ) 
636  F0R.J-1T0JJ 

638  ifc-4*j>=0.0thenl=4else  l=4+(c-4*j  > 
640  lprint"col:"} 

:fqrkk=otq(l-i ) 

i lprint  tab<14*kk+3)  uu  (  kk+1  >+4-*{  j-l  >)* 

642  NEXT   KK 
644  LPRINT"     " 

646  LPRINT " 

648  FOR   M^ITON 

650  LPRINT    "R"  iH+200*C  1-1  )»"  I"  i 
652  FOR  K=1T0   L 

654  A^A<M+200*':  1-1  )>K+4*<  J-l  )  ) 
656  LPRINT    TAB<  14*C  K-l  )+8  >    Ai 
658  NEXT   K 
660  LPRINT 
662  NEXT    M 
664  LPRINT    "    " 
I  LPRINT    "    " 
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666 
668 
670 
671 
672 
673 
674 
675 
676 
679 
680 

681 
682 
683 
684 
685 
686 

687 
688 
689 


690 
695 

700 
710 
720 
735 


736 

737 
738 
739 

742 


750 

760 
770 
780 
790 
800 
810 
820 
900 


905 


:lprint  "   " 

NEXT   J»I 
RETURN 

'SCREEN   PRINT    ROUTINE;-      ACTIVATED    BY    PROGRAMMED    "&"    ASC<64> 

' ///////////////// 

IF    PEEK*  14312)063    THEN    RETURN 

LPRINT    STRING**  64»"+'1) 

FOR   N=    15360    TO    16383    STEP    64 

A*~"    " 

FOR   Q=0T063 

Z=PEEK<  N+Q  ) 

:IFZ>0ANDZ<27THENZ=Z+64ELSEIFZ<32THENZ=32 

IFZ>=127    AND    K-191    THEN    Z=42 

B$=CHR*v  Z ) 

A*=A$FB$ 

NEXT    & 

IF    PEEKC 14312 K>63THEN    RETURN 

LPRINT    "    " 

ILPRINT    AS 

NEXT    N 

LPRINT    STRING**  64 »"+"  ) 

F0RN=1T03 

JLPRINT    "       " 

:next 

RETURN 
RUN"GLR/BAS" 

*.  .-f,  %  j  *  ;f,  fy.  J.  Jf  ?f.  )f  )f.  £  if.  )f  ;f  ;f )(( ,f .  ;f .  if .  if  if  if.  %,  ^  ^.  ^  ^  ^  /T,  >f  ^  ^  ^  ^  ^  ^.  ^  >|[.  ^  ^  ^(  ^,  ^  ^  ^(  ^  ^  ^,  ^; 

'GENERALIZED  I/O  SUBROUTINES  FOR  PROGRAM  STARTERS 

'  ///////'////////// 

CLS 

:T*="NORTHERN  HARDWOODS  LABORATORY t    USFS.  MARQUETTE*  MI" 

:GQSOB42000 

T$  =  V//////V/////////////////////////////////////////////'' 

:GOSUB4200G 

PRINT 

T*-"MENU  FORi   GENERAL  LINEAR  REGRESSION  ANALYSIS  SYSTEM 

GQSUB42Q0O 

T$="PART  II.   CONFIDENCE  INTERVALS  AND  ERROR  ANALYSIS" 

:G0SUB420O0 

I  PR  I  NT 

I  IFTX=-lTHENGQSUB40000ELS!-:/50 

TX=1 

SPRINT"   1.   RETURN  TO  MAIN  MENU  2, 

PRINT"   3.   READ  A  MATRIX  FROM  DISK     4. 

PRINT"   5.   ENTER  A  MATRIX  MANUALLY      6. 

PRINT"  7,       PRINT  MATRIX  8. 

PRINT"   9.   CONFDNCE  INTVLS  FOR  YHAT     10 

PRINT"  11.   MULTICGLLINEARITY  CHECK      12. 

PRINT"  13.   AUTOCORRELATION  CHECK        14 

PRINT"  15.   EQUALITY  OF  REG.  LINES" 

PRINT 

:print"select  one  of  the  above  -->  "» 

:fl^-2 

igqsubis 

:an=valxin*  ) 

:  ifan<=ogran>16then740 

if an<3thenfm*=" false" 

i' prevents  data  mixups 


GOTO  BASIC 
WRITE  A  MATRIX  TO  DISK 
DISPLAY  MATRIX  ON  VIDEO 
CONFDNCE  INTERVALS  FOR  B 

PLOT  RESIDUALS 

HETERGSCEDASTICITY  CHECK" 

SCALED  B 
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910  ON    AN   GOSUB    695.43000. 125.220. 340.510.620. 1 000, 2QQO. 3000. 4000 .5000. 6000.7000 

8000 

920  GOTO  735 

1  AAA     ■'   vi-  AAA  "J/-  AAA  A  A  A'  A  A  A  A  **c  A'  A  A  A  A  A  A  A  A  A  A  A  A  A  A  A  A  i  i  4  ^  4  i  i'  i  A  A  A*  A 

x \**/w       ^^  * t ^^ ^F1  ^p ^, ^* ^^ ^p * ^p fl* *v * '^ **  *  *  ^s ^p j^ ^p ^p '^, ,Tt  ^p ^n ^^ *^ fl* * '■*  '■^ * ^ ^p * t* * ^p  ^p ^^ ^^ ^s 

1010  'CONFIDENCE    INTERVALS   FOR   COEFFICIENTS   B 

1020  •'  ////////////////////// 

1030  IFFM>^"FALSE"THENGOSUB    10000 

:•'  READ   BfYi    AND   (X'X)-i 
1040  GQSUB 1 1000 

I '  GET    TC2 

1050  sig=sqrcbcn+1  )) 
:fori=itqn 

ICIv  I  >=SIG*TC2*30Rt  XI(  1 , 1  )  > 

iNEXTL 

:IFA(  1  , 1  )=1ANDA<  Mi  1  )=1THENLL=0ELSELL=1 

1060  CLS 

:PRINI@10»" CONFIDENCE    INTERVALS    FOR    THE    COEFFICIENTS*" 

: PRINT "T-VALUE   FOR   95/:    CONFIDENCE    INTERVAL"    "  .TC2."    DF=    "X 

:i-'RINT"CQEFFICIENT"f  "UPPER    LEVEL" . "LOWER    LEVEL"  »  "STAND.    DEV." 

1062  PRINT  " " 

1065  K~l 

:fori=iton 
:ifll=0thenk=i-1 
1070  print"b"k"  "  jb<  i  >.b<  i  hck  i  )ibc  i  )-ci(  i  >»sqr(xi<  i,  i  )*b<  n+l  )) 
:k=k+i 
:nexti 

1080  GGSUB8130 

1090  RETURN 

^_  \j\j  \f       *^>  ^  ^  ^^  'jr>  ^p  ^p  ^s  ^p*  ^k  ^&  ^n  *v  ^s  ^k  ^*  flii  ^r*  ^*  ^*  t1  ^^  ^^  ^^  ^^  ^^  ^p  ^^  ^k  ^^  ^^  *  ^»*  ^^  ^^  ^^  ^*  ^^  ^k  *t  ap  ^n  ^p  ^^  ^^  i"  ^s  ^^  ^,  ^p 

2010  'CONFIDENCE    INTERVAL   AROUND    PREDICTED    Y    VALUES 

2020  '  ///////////////////// 

2030  CN=0 

:iFFH$="FALSE"THENG0SUBI00O0 

t' CHECK    IF    Y   AND  (X'X)-l    AP:E   LOADED 
2040  GOSUB  11 000 

I'FILL   TC2 
2045  SIG=SQR<  DC  N+l  )  ) 

IGQTQ2055 
2050  CLS 

J PR I NTS  10 f" CONFIDENCE    INTERVALS    FOR   PREDICTED    Y    VALUES." 

SPRINT"  T-VALUE    FOR    95%    TUG-SIDED  CONFIDENCE    INTERVAL^    U*TC2»"    DF=   "X 

:PRINT"YHAT"f "UPPER    CI" ."LOWER    CI" ."STAND.    ERR." 
2052  PRINT " " 

:  RETURN 
2055  GOSUB 2 050 

2060  fori^itqh 
:sy=o 
:vy^o 

:for.j=iton 
:ci<  j>~o 
;fgrk=itqn 
ick.j  )^ci<  j  ha*  iik  )*xi<k.j  x 

INEXTK.-J 
2070  FGKJ=1T0N 

:VY=VY+CI(J  )*A<  If  J  > 

1 NEXT J 

ISY=SIG*SQR<  VY  ) 

;CI=TC2*SY 
2080  PRINTY<  If-2  >»Y<  1,2  HCT  » Yt  1 .  2  >-CI  .SY 
2085  YCI.-5  >=Yt  I,2>+CI 
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:YtIr6  >=Yt  If2)-CI 
2090  IFCN<9THENCN=CN+1ELSE21 10 
2100  GOTQ2120 
2110  &OSl}BS130 
2115  CN=0 

:GOSl}B205O 
2120  NEXT  I 
2125  A*=INKEY* 

:IFA$=""THEiH2125 
2127  CLS 

sprint@448i"dfl  you  wish  to  save  the  confidence  intervals  for  yhat  in  the  y    !• 
atrix?  (  y/n  )  — >  "  j 
;fl=i 
:ggsubi5 
:ifin*="n"thenreturnelse2130 

2130  DD<fc="lu 

:f$=my" 

:c=6 

;r=m 

iFQRI^lTQH 

:forj=itoc 
:ac  irj  )=Y(  i»j  > 
:nextj»i 

;fori=ito4 

:N*<  I  )=YN$v  I  > 
I  NEXT I 

:n*<5)="y-upperm 
:n$<6)="y-louer" 

1G0SUB222 

:  ret urn 
3o10  'prepare  the  y  matrix  for  plotting  of  residuals 

3020  ' //////////////////// 
3022  CLS 

:t$="preparing  for  matrix  plotting  of  residuals" 
:gosub42qoo 

3O30  F*="Y" 
IG0SUB135 

:fori=itor 

IFORJ-1T0C 

;yc  i»j  )=a<  i i. j  ) 
:nextj, i 

iF0RI=lT06 

:ynu<  i  )=n*<  i ) 
:nexti 
:f$=-x" 
:gosubi35 

3040  N<=£ 

:forj=iton 

IIFAClrJ  )=!ANDAvK»J  )=ITHEN3060 
3050  C=C+1 

I  FORI  =  i TOR 

;YtI»C)=A<  IrJ) 

I NEXT I 

:N<iCC)="X"+STR$CC-6  ) 
3060  NEXTJ 
3062  C=C+1 

:fori=itor 
:yc  ifC  ±=i 


35 


;nexti 
in*<c>="OBS  *" 

3065  FQRI-1TQ6- 

IN*<  I  )=YN$(  I  > 

JNEXTI 

:'NQTE    X'S    LABELED    ABOVE 
3O70  &D$*"1" 

tF*-"Y" 

:fqri=itom 
:fqrj=itqc 

IA(  IrJ  )=Y(  I»J  ) 
INEXT-Jrl 
;GQSUB222 
3080  RUN"MULTPLT/BAS'1 

4010  'MULT  I  COLLI  NEAR  IT  Y    CHECK 

4 020  '  / / / / / / / / / / / / / / / / / / // 

4021  CL3 

:T$=" CHECK    FOR    MULTICOLLINEARITY" 

:GOSUB42000 

:  PR I NT 

4022  IFFM*=-"TRUE"THEN4035 
4025  F*="B" 

IGQSU3135 

:fori=itqr 
:b<  i  )=a<  iii  > 
:nexti 
:n=b<r  ) 
4035  i fb<  n+3  knthenzi*-" reduced  rank" elsezr*=" full  rank" 

4040  PRINT 

;PRINT"RANK(  X  )=    "B<N+3)J 

IPRINT"       X   HAS    "Zli 
4050  PRINT  "MAXIMUM   SINGULAR   VALUE   (X)   =    "B<N+5) 

:iFBvNJr6)=-lTHENZr=0EL3EZI  =  B(N+6) 
4060  PRINT"MINIMUM    SINGULAR    VALUE    CX)   =    "ZI 

4070  IFB<N+6)=-lTHENZI$="INFINITEuELSEZI$=STR*CB(N+5 ■  )/B<  N+6  )  ) 
4080  PRINT"CONDITION   NUMBER    FOR    CX)    =    "ZI* 
4090  PRINT" COLLINEARITY    NUMBER    FOR    (X)    =    "l/BCN+4) 

:  PR  I  NT 

:print 
4100  print"if  condition  number  13  close  to  li  then  x  =  independent  ( ngnsingular  ). 

II 

4110  PRINT"  IF    CONDITION   NUMBER    IS    INFINITE    THEN    X    =    DEPENDENT    (SINGULAR)." 
4120PRINT"IF    CONDITION   NUMBER    CLOSE    TO    COLLINEARITY    NUMBER.    X   =    NEARLY    DEPENDENT 

v  SINGULAR  K" 
4130  GQSUB8130 
4140  RETURN 

5010   'HETER0SCEDA3TICITY    CHECK 

5020  '  /  //  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  / 

5030  CLS 

:PRINT@448."N0   NUMERICAL   EVALUATION    IMPLEMENTED    AT    PRESENT." 
:PRINT"VISUAL   EXAMINATION    OF    RESIDUALS    PLOTS    IS    RECOMMENDED." 

5035  A*=INKEY* 

:IFA*=""THEN5035 

5040  RETURN 

6000  '  ***********************  +  *************;♦**** 

6010   'AUTOCORRELATION    CHECK 

6O20   ' /////////////////// 

6025  CLS 
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:t$=" autocorrelation  check" 

:GQSUB420OO 

iPRINT 
SO30  IFFH*  =  "TRUE,lTHEN6045 
a045  F*="Y" 

:GOSUB135 
6050  S1=0 

:s2=o 
:fori=2TOR 

;S1=S1+CAC  I»4  )-Av  I-l»4  )  )C2 
:S2=S2+Av  I  »  4  )*ACI » 4  > 

:nexti 

SS2=S2+AClr4>*A<  1»4  ) 
6060  PRINT" THE   DURBIN-UATSON    STATISTIC:      B=    "S1/S2 
6070  PRINT 

IPRINT" SEE    USER'S    GUIDE    FOR    EVALUATION. " 
6080  GOSUBBISO 
6090  RETURN 

7010     PRODUCE   THE    SCALED    B    VALUES 
7020  ' /////////////////// 
7030  CLS 

:T*="SCALED    E   COEFFICIENTS" 

1GOSUB42Q0O 

I  PRINT 
7033  IF    FN*="  FALSE"  THENG03UB10000 

;  GOTO/ 040 

tELSE7035 
7035  F*»"X" 

;G0SUB135 

J' NEED    X    MATRIX    IN    AC)    FOR    TEST    IN    7040 
7040  IF  At  1*1  )=iANDACM>i  )=1THENLL=2EL3ELL=1 
7050  FORI=LLT0N 

:cc  I  )=0 

ixzci  )=o 

: NEXT I 
7060  FDR 1=1 TQM 

:forj=llton 

iCK  J  >=CI(J  HACIiJ  > 

;next.j>-i 
i' col  suns 
7070  f0r.j=llton 
:ck  j  )=ci<  J  )/m 

:  NEXT. J 
I'COL  AVGS 
7080  SYY=0 

iFORI=lTON 

isyy=syy+c  y(  i » i  >-b(  n+7  >  )e2 
:forj=llton 

tXZ<  J  )=XZ(  J  )+<  AC  If- J  Kit  J  )  )C2 
I  NEXT  J  y  I 
7090  K=l 

;fgri=llton 

iIFLL~2THENK=I-l 

7100  PRINT" B"K"    SCALED    =    "B<  I  >*SQKt XZ< I  )/SYY  ) 
7110  K=K+1 
INEXTI 
7120  GOSUB8i30 
7130  RETURN 
8000  '  *************************************************** 
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8010  'TEST  FOR  EQUALITY  OF  REGRESSION  LINES 
8020  '  ////////////////////// 
8022  CLS 

IPRINT" YOU  MUST  BE  PREPARED  TU  ENTER  THE  FOLLOWING  INFORMATION" 

IPRINT 

:printmi.  the  B(  I  >  VALUE  for  every  equation" 

iprint" 2.  its  standard  deviation" 

iprint" 3.  the  error  sum  of  squares  for  each  equation." 
802v  print"4.  the  error  degrees  of  freedom  for  each  equation  ." 

:print 

iprint'1  if  you  have  the  above  data  pieces  for  each  equation  to  be" 

:  pr  int  "compared  then  enter  <y> .  if  not  enter  <n>  and  you  will  be" 
8026  print  "returned  to  the  menue  part  1 1 .  to  compute  the  above  information." 

IPRINT 

i PR INT  "ENTER    — >    "r 

SFL-1 

:gosubi5 

: if in*= " y " then8o28elseret0rn 

8028  CLS 

:printg+48»"hqw  many  equations  are  to  be  compared?  — >  "i 

:fl=-2 

:gosubi5 

ik»val<  in*  > 

IPRINT 

:r=k 
:c=4 

IN*C1  )="B" 
IN*\2>="STAND.DEV." 
IN*t3)="ERR0R   SS" 

:n*a!4)="error  df" 

8040  CLS 

IPRINT" PLEASE  ENTER  THE  REQUESTED  INFORMATION  FOR  EACH  EQUATION," 
IPRINT 

:fqri=itqk 
iprint" equation  #"i" 
8050  print  "value  of  b  coefficient  — >  "» 
:fl=-io 

i GO SUB 15 

iA<  1*1  )^VAL(  IN*  > 

'.PRINT 

IPRINT"  STANDARD  DEVIATION    OF    B    — >    " r 

IG03U3I5 

:A<  Ir2)=VAL(  IN$> 

IPRINT 

iprint-error  sum  of  sqares  — >  " i 
;gosubi5 

IAv Ir3  )=VAL(  IN*  ) 
IPRINT 
8060  PR  INT  "ERR  OR   DEGREES    OF    FREEDOM    — >    "J 
IGOSUB15 

IA(  Ir4  )=VAL<  IN*  ) 
IPRINT 
I  CLS 
INEXTI 

8062  CLS 

IPRINTG>448»"UISH    TO   REVIEW    THE    INPUT?    (  Y/N  )    — >    "i 

IFL=i 

IG0SUB15 

IIFIN*="Y"THENGQSU3510 

8063  FQRI=1T0R 
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iACIr2  )^=A<  I>2>*A<  1.2  > 

i NEXT  I 
8065  CLS 

:PRINT@448»"C0ttTINE    <C>    OR    REDO    INPUT    <R>    —  >    "i 

SG0SU>B15 

:IFIN$^"C"THEN30A7ELSE3040 
3067  CLS 

iPRINT'ARE    THE    VARIANCES    ASSUMED    HOMOGENEOUS    <0>    OR" 

:print"heterogeneous  <e>  ?  — >  "j 
:fl=i 

IG0SOB15 

:iFIN*="0"THEN3O68ELSEIFIN$="E"TH£N320GELSE3067 
8068  CLS 

JPRINT@45Br" PLEASE    BE    PATIENT*       COMPUTATIONS    IN    PROGRESS." 
8070  K=R 

1S1=0 

:s2=o 

:fgri=itok 

:si=si+a<It3> 

:S2=S2+ACI»4) 

:  AC  I  f  2  )=(  A<  I  >  3  )/ A<  1.4)  )/AC  I » 2  ) 

:  NEXT I 

:mi-=si/s2 

I  E3=S  1 

:dd=s2 

8080  Si =0 

:s2=o 

IFORI-ITOK 

:Sl=SlfA(  Irl  )*ACI»2) 
:S2=S2fA<  Isr  2) 
I  NEXT  I 

;bb-si/S2 

8090  S1=0 

tFORI==lTQK 

:S1=S1K(  A<  1,1  )-BB  )*(A(  I»l  )-BB  )  )/(  1/AC  I  r2  ) ) 
:  NEXT I 

:sb=si 

JDN=K-1 

tM2=SB/BN 

IFR=«2/M1 

:ggsub 20000 

8100  CLS 

iPRINT" RESULTS    OF    THE    TEST    FOR    EQUALITY    OF    REGRESSION   COEFFICIENTS." 

J  PRINT 

IPR INT "WEIGHTED  AVERAGED  B  =  "BB 

;PRINT"SUrt  OF  SQUARES  I- OR  COMBINED  B'S  =  "SB 
8110  PRINT  "NUMERATOR  DEGREES  OF  FREEDOM  =  "DN 

t PRINT "MEAN  SQUARE  FOR  B'S  =  "M2 

:PRINT" COMBINED  ERROR  SUM  OF  SQUARES  =  "ES 

;PRINT" DENOMINATOR  DEGREES  OF  FREEDOM  =  "DD 

:PRINT" COMBINED  ERROR  MEAN  SQUARE  -    "Ml 
8120  PRINT  "THE  CALCULATED  F-VALUE  =  "FR 

:PRINT"THE  PROBABILITY  OF  REJECTING  THE  NULL  HYPOTHESIS  =  "FB 
8130  A*=INKEY$ 

:IFA*=""THEN3130ELSEIFASCCA*  )=64THENG0SUB670 
8140  RETURN 

8200  'HETEROGENEOUS  VARIANCES 
3210  CLS 

:PRINT(?443»  "PLEASE  BE  PATIENT.   COMPUTATIONS  IN  PROGRESS." 
8220  ES=0 
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IBD=0 

1FQRI=1TQK 

JDD=DBK  (  A<  I  >  3  )*A<  1 1 3  )  >/A<  I  »4 ) ) 
iNEXTI 

;DD=INT>:CE3*E3  )/DD) 
:hl=ES/DD 
3230  S1=0 
JS2— O 

JFORI^ITOK 

;S1=S1+A\  Irl  )/A<  1,2) 
;S2=S2il/A(  I»2) 
:  NEXT I 

:bb=si/s2 

:sb=o 

:fori=itqk 

iSB=3Bi(i  A(  I  ?  1  >-BB  )*(  A<  I>1  )-BB  )  )/'A(  I»2  ) 

:  NEXT  I 

SSB=SB*M1 

;m2=sb/dn 

tFR=M2/Kl 

: GOSUB2000O 

tGOToaiao 

1000O    CLS 

{pr int@448»  "matrices  &>  yi  x  and  (x'x)-l  uill  now  be  read  from  disk." 
;f*="B" 

:G0SUBI35 
tFQRI=lTOR 
:b<  I  )=A<  1*1  ) 
: NEXT I 

:n=b<  r  ) 

IF*-"Y" 

:GOSUBi35 
iFOftI=iIOR 

:fqr<j^itoc 

IYvIi-J  )=M  I»J> 

:nextj»i 
;m=k 

10010  FGRI=1T06 

;yn*(  i  >=n*(  i  )■ 

:  NEXT I 

;f*-uxpxi" 

:GQ3UB135 

:fori=itgn 

tFORJ=lTQH 

:XI<  Ir.J  )=M  I  i  j  > 
INEXTJrX 

:f$="X" 

:G0SUB135 

jfm*=-"  true" 

:  RETURN 
11000  '  ********************************* 
11010   •'  INTERPOLATION   FOR    T    C2   VALUES 
11020   •'  //////////////////// 
11025  IFXTC1  K>OTHEM11050 

11030  DATA   i» 12.703*2*4 *303»3»3. 132 >4»2.776*5»2.571i6»2. 447 »7>2.365» 8 /2.306»9> 2 
62*19*2*228*  15i  2  » 131 *2Q*2. 036*25*2. 060 »30*2*Q42»40»2*Q21*60i2. 00*120*1* 99 
11040  FORI  =  1T017 
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:readxt<  i  >»  yk  i  > 

iKEXTI 
11050  X=M-B<LN+3> 

IIFXOCTC  1  >THENTC2=YK  1  >ELSEIFX>XK  1/  >THENTC2=YTv  1/  )ELS£11070 
11060  RETURN 
11070    F0RI=2TO17 

:iFX<=XTi  I  )THENilQ30ELSENEXTI 
11080  TC2=<YTv  I  )-YT<  1-1  >)/<  XT(  I  >-XK  1-1  )  >*tX-XT<  1-1  )  )+YT(  1-1  > 
11090  RETURN 

20010    '  SUBROUTINE      FPROB 
20020    '  INPUT 

i    FR=R    RATIO      BN=NUMERATQR    DF      DB=DENQMINATOR    DF 
20030     OUTPUT 

:    FB=    PROBABILITY    OF    F 
20040    ■'  ///////////////////// 

2<K>5?IFMlTHEN20070 
20060    3*=DN 

tT#=DD 

:Z2*=FR 

:  GOT 020080 
20070    S*=DD 

:Tlt=DN 

:zz*=i/FR 

20080    .J5=2/9/S# 

IK5=2/9/T# 

:Z#=K5'*ZZ#i:<2/3  HJ5 

tGQSUB2015Q 

iY*=ABS<  >:  1-K5  )*ZZ*L<  1/3  HI+J3  )/Z3# 

HFT*<4THEN201QO 
20090    X*=*5/C  1+Y#*<  »I96854+Y#*<!  ,115194+Y***  .000344+Y**  *  019527  >  )  )  )L4 

;  x#=int(  x#*ioooo-t •  5  j/ioooo 
:gqto20iio 

20100   Y*=Y#*t  1+.08*Y#II4/ T*L3  > 

;  GOT 0200 90 
20110    IFF*>1THEN2Q13G 
I  20120   X*=l-X* 
20130    FB=1-X* 
20140    RETURN 
.  20150    Z34=SQR<  Z*  )■ 

:Z3*=C  Z3*+Z#/Z34  )/2 

IZ3*=(  Z3*+Z*/Z3*  i/2 

: RE TURN 
40000    M=200 

:n=ii 

ibim  n$cn)»a(m»n)»b(n+3  >tyct1rn  )>cic  n  >»xtc  17  )>  ytc  17  ) »  xk  n»n  ) »  yn*<  6  )»xz(  n) 

40015  MV=-99.99 

SFH*a"  FALSE" 
40020  RETURN 
42000    CG=LEN(Ti  > 

:ZZ=INT<30-CC/2> 

sprint  tab(zz)»t$ 

:return 

}' centering  routine 

43000  END 
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AFFEJNLJIA  111.  Source  code  listing  lor  program  MUl^FFUl/lSAS 

1  CLS 

:CLEAR550 

IPRINT" MULTIPLE    PLOT    ROUTINE    VERSION    8-24-30" 

iPR  INT  "NORTHERN    HARI.U00L3    LABORATORY  f    USFSi    MARQUETTE  t    ttl." 

:&GSUB400G 

1PRINT 

;  GOT  033 

2  IM='L" 

1U*=IMKEY$ 

:ud=o 

:ys=un 

:ulz=ud 

iIFFL=UDTHENFL=l 

3  PRINTSTRING*<  ABS<  FL)>CHR*C  136  )  >JSTRING*<  ABS<  FL  )*CHR*C  24  ) 

n 

4  PRINT  CHR*v  14  )» 

:FQRUX=1T025 
iU$*INKEY< 

:ifu$0"nthen5 

elsenext 

:printchr$(15)» 

:F0RUZ=1T025 

:U$=INKEY$ 

:IFU$0""THEN5 

ELSENEXT 
:  GOT  04 

5  IFU$OCHR*\  13  )THEN7ELSEPRINTSTRING*\  ABS<  FL  )-ULX»  "    " 

y, 

6  PRINT  CHR.HK  15  )  J 

:u/:=25 
:next 

: RE TORN 

7  PRINTCHR*<C14)J 

:iFU$=CHR$<  24  )THENPRIN:TSTRIJ4&*<  UUl^CHR* 
(24))r 

I  GOT  02 

8  IFUSOCHRtK  3  )THEN12ELSEIr  ULa=0THEN4ELSEPRINTCHR*<.  24  )» 

:IFFL>OTHEN10ELSEIFP£EKC 16413  )=44THEN11 

9  IFPEEKC 16413  )=46THENWL=0 

IGOTQIOELSEIFPEEKC 16413  >=43 
OftPEEKC  16413  )=45THENW3=0 

10  IM*^LEFT$C  INJrLENC  IN*  )~1  > 

ii  ulx=wl2-i 

:PaKE16413yl36 

:goto4 

12  ifabscfl)=ulxthen4elbeiffl^0thenifld*>="   "andw*::  = 

"Z"  THEN  17 

13  IFU*="."ANDWD=0THENWD=1 

:G0T0i7 

14  IFU*="r"THENPRINTW$» 

IUL%=UL%+1 

:gotoi3 

15  ifi  u*="-"  oru*-"+"  )andw3=0andul%=0thenus=1 

I  GOTO 17 

16  IFU*<"  0 "  ORWJ>> "  9 "  THEN4 

17  PRINTU*} 

;IN**IN*+U* 

:ul/:=ul£+i 
18  ifabs(fl)=1then6else4 

19  CLS 
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iPRINT@448!f"  INSERT    DATA   DISK   <ENTER>    FILENAME   OF    DESIRED    DATA    SET    — 1 
IINPUTF* 
SFJ*=F* 

:ff*=f*+"N" 
;f$=f$+uh" 

:G*=FJ*+"L" 
:QF-EN"IurlrFF* 
:  INPUT* 1*R,C 
i CLOSED 
iGOSUBl30 
:OPEN"I"iliF$ 

:fori=-itor 
:fqrj=itoc 

SINPUT#i»A<  I»J  > 

:nextj»i 

iCLOSEl 

20  OPEN  "I"  »irG* 

:fori-j.toc 

i  INPUT*!  »NK I > 

;next 

;  CLOSE 

:  ret urn 

21  CLS 

:PRINTLH43»"  INSERT    DATA   DISK   <ENTER>    FILENAME  OF    NEW    DATA   SET    — >    "t 

:iNfUTF* 

iFJ*=F* 

iPRINT 

IPRINT"ENTER  DISK  drive  *  WHERE  data  should  be  saved  — >  "t 

ilNPUTDD* 

:FF*=F*  +  ,,Ni"FDD'* 

sf*=f*+uhj"-fbs* 

:g*=f.j*+"l."+dd$ 

22  QPEN"0"  f  liFF* 
iPRINT*iiRJCi 
; CLOSE 
:OPEN"Q" »1»F* 


23  FGRI=1T0R 

:forj=itoc 

:print*1iA( i»j  )■» 

:next.j,i 

:  CLOSE! 

J£H?EN"0"iliG$ 

:fqri=itoc 

iPRIMT*liSTRS<  1  Vr 

:next 

:  CLOSE 

; RET URN 

24 

END 

25 

REM 

26 

CLS 

:jj-int(c/4.i+i  ) 

:  11  =  INK R/ 13* 1+1 ) 

:fori=itoii 

* 

:iFR-13*I>=O.OTHENN=13ELSEN=13+tR-13*I > 
27  F0RJ-1TO.JJ 
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:iFC-4*.J>=O.0THENL=4ELSEL=4KC-4*J  > 
2S  CLS 

sprint  "VAr:"  j 

;f-(JKKK=OiU<L-l  ) 

:PRINTTAB<  14*KK+3XKK+1  )+4*CJ~l  >i 

INEX1KK 

SPRINT 

sprint" 

:FORrt=lTON 
:PRINTuQ"f«4-13*C  I-I  )>"  S"  5 

sfork=itol 

sa=a<n+13*\  1-1  >»k+4**j-i  )) 

29  PRINTTAB*  14*tK-l  H-S  )AJ 

snextk 

SPRINT 
SNEXTM 

30  AMINKEY* 

SIFA$=" "    GQT030 

31  NEXTJfl 


sreturn 

32  END 

33  G0SUB124 

34  primte44s»" please  enters   " 

:print"matrix  of  input  data  from  (1)  disk  (2)     function  --> 
:fl=-i 

SGQSUB2 

SB=VAL<  IN$> 

SIFB=00RB>2THEN34 

35  IFB=lGQ3UB19ELSEG0SUBil9 

36  CLS 

sprint@448r" please  enter;  display  matrix  on  video?  cy/ni  -> 
;fl=i 

:gosub2 

sq=cin$="y"  )0r<  in*="n"'  ) 

SIFQ=0G0T036 

37  IFIN'*="YUTHENG03UB26 

38  CLS 

SPRINT 
:  PRINT 
:  PRINT 

:print 

:print"do  you  want  to  see  var.  #'S  and  labels  cy/n)  — >" » 

:fl=i 

SGOSUB2 
SIFIN*="Y"G03UBI27ELSE39 

39  CLS 

iprintei92r" please  designate  x-axis  variable     *  — >  "5 

:fl=-2 

SG0SUB2 

:ZX=VAL(  IN*> 

SIFZX=0GRZX>CTHEN39ELSEPRINT 

40  PRIWTuHOW    rtANY    VARIABLES    WILL    bE    PLOTTED    ON    Y-AXIS    (  <~6  )    — > 

IFL=-1 
SGOS0B2 

sni=ualx  in*  > 
sifni=0orni>6g0t04o 
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4-1  F0RCI=1T0NI 
IPRINT 

42  PRINTUDE5IGNATE  VARIABLE   *  FOR  DEPENDENT  VARIABLE  "»CIJ"  — >  "J 

JFL=-2 

:GOSUB2 

1IUKCI>=VAL<  IN*  ) 

1IFIIKCI  }=OGRIW«CI  )>CTHEN42 

43  NLXTCI 

44  CLS 

:primt@443»"is  the  matrix  already  sorted  on  the  x-axis  cy/n>?  — >  "» 

:fl=i 

:gosub2 

:ifin*="ymtheng0sub99else1fin*="n"then46else44 

45  GOT 065 

46  CLS 

:PR±NTG*458,  "PLEASE    BE    PATIENT.       SORTING    IN    PROGRESS." 

IYL=9999 

:YH=-9999 

:m=r 

47  H=INTCM/2> 

:iFrt=0THEN5'd 
4S  J=l 

:k=r-m 

49  I=xi 

50  L=I4-ii 

:forci=itoni 
:zy=iucci  ) 

ilFMIrZY  >~-?9«99"FHEN53 

51  IFYL>A<  I.ZY  )THENYL=A«:  I*ZY  ) 

52  IFYFKAC  I*ZY  )THENYH=A(  I»ZY  ) 

53  NEXT  CI 
:iFA(I»ZXK=AtL»ZX  JTHEN56 

FOKJJ^ilUC 
:  KJ.J  >»A(  I  ».JJ  ) 
:AC  IrJJ  )=A(  LrJJ  ) 
:AtLrJJ)=TCJJ ) 
t  NEXT  J  J 

:i^i-n 

IIFK1THEN56 

55  GOT  050 

56  J=.J11 

:IF.J>KTHEN47 

57  GOT 049 

53  XL=AiliZX) 
;XH=AC  R»ZX  ) 

59  IFI>=RTHENGQTQ63 

60  1=1 il 

iforci-itoni 

:zy=iucci  ) 

iifyl>a<  i  f  zy  >thenyl=a<  i»zy  ) 

61  IFYl-KAv  I  iZY  )THENYH=AC  I »  ZY  ) 

jnextci 

62  GOT  059 

63  CLS 

: PRINT  L*448,  "PLEASE    ENTER:    DISPLAY    SORTED    MATRIX    ON    VIDEO    (  Y/'N  )    ?    — ; 

:fl=i 

IG0SUB2 

:iFIN'*  =  "Y"G0SUB26ELSEIFIN.fc-="N"  THEN64ELSE63 

64  PRINT 
: PR I NT "PLEASE  ENTER;   SAVE  SORTED  MATRIX  < Y/N  )  ?  — >    "  r 
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:fl=i 

:GQSU32 

SIFIN*  =  "Y"GGSUB21ELSEIFIN$  =  ,,N"GaT065ELSE64 

65  REM 

66  CLS 

st$="  graphing  STATUS  MENU" 
;cc=LEm  t$  ) 

SGGSUB126 

SPRINTTAB{ZZ>»T* 

SPRINT 

SPRINT"       1.       X-VARIABLE    =    VAR .    #"  »ZX 

.PRINT"      2.       Y-VARIABLE    =   VAR.    *" i 

SF0RCI=1T0NI 

SPRINTIWtCI  >» 

SNEXTCI 

SPRINT"    " 

67  PRINT"       3.       RANGE   OF    X-VARIABLE      — >    ",XL,"    TO    "  ,XH 

SPRINT"       4.       RANGE    OF    Y -VARIABLE      — >    "»YL»"    TO    " ,YH 
SIFZV=1THENZ'*'*="0N"ELSEZV*="0FF" 

68  IFZH=lTHENZH^,lON"ELSEZH-i-="QFF" 

6?  PRINT"   5.   VERTICAL  CONTROL  LINE  STATUS  — >  " iZV$ 

SPRINT"   6.   HORIZONTAL  CONTROL  LINE  STATUS  — >  ",ZH$ 
SPRINT"   7.   TITLE  OF  GRAPH  — >  "»ZO$ 
SPRINT"   8.   X-AXIS  LABEL  — >  "SUl* 
SPRINT"   9.   Y-AXIS  LABEL  — >  "JUQ$ 

70  PRINT"  10*   EXECUTE  THE  GRAPHING  ROUTINE" 

SPRINT"  11.   GET  ANOTHER  MATRIX  12*  REGRESSION  PART  II 

71  PRINT"  13.   DISPLAY  MATRIX  14.  PRINT  DATA  MATRIX" 

72  PRINT 

SPRINT"SELECT    STATUS    CHANGES    OR    CONTINUATION    -->    "» 
SPL=-2 
SG0SUB2 
SAN=VAL( IN*  > 
S IFAN<=0QRAN>14THEN72 

73  QNANGOT039, 39 ,103, 104, 105, 107 ,109, 110 ,111, 75, 132, 112, 113*114 

74  601  066 

75  CLS 

:PRINTG448» "PRESS    <EMTER>    WHEN    PRINTER    IS   READY*", 

SINPUTAN 

11=1 

SJ^ZX 

SZ^i=XL 

SZ6=XH 

SZ1=YL 

IZ2=YH 

IZ0(13  -)=Z1 

IZ0X14  )=(Z2-Z1  )/5.0 

SZ7=INT':30-LEN(  ZO*  )/2) 

SZ8=INTC30-LENCUO*  >/2> 

SZ9=INT(30-LEN<;  Ul$  >/2 ) 

SLPRINTTABX  Z7  )JZO$ 

SLPRIiMT"    " 

76  LPRINTTA3<  Z3),U0* 

SLPRINTTAB(Z9  ),U1$ 
SLPRINT 

SLPRINTTABC6), 
SFURZ3=0TQ5 

;zoas  )=zo\  13  )+zoc  i4)*z3 

:LPRIHTIiSING"+#.*#i:CLC"  »Z0<  15), 
I II-  iL8<.t>  l  HENLPR I  NT  "    "  i 
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77  NEXTZa 

:Z0<14  )=(Z2-Z1  )/50 

1LPRINT 

:ZQ(11  )=<Z6-Z5)/50 

:F0RI3=0TQ52 
:FQRZ9=OT052 

:zikz9)="   " 
:nextz9 

iIFI8=0G07Q95 

78  ll-18=b2G0lU88 

79  IFZ/>0G0TGa6 

80  IFI3=1THENGGT032 

81  lFZV=OiHENG0T333 

82  FQRZ9=3T0513TEP2 

:Z1$CZ9)="-" 

:nextz9 

83  FQRZ9=lTO51STEP10 

I  IFI8=1THENGOT035 

84  IFZ9OlANBZH=QANDZV=0THENG0T038 

85  Z1*CZ9  )="  +  " 

:NEXTZ9 
IG0T038 

86  FQRZ9=1T051STEP10 

:iFZH=0AHDZ9OlTHENGQTQ3a 

87  Z11hZ9  >="  1" 

INEXTZ9 

88  IF  1>RTHENGQT095 

89  IFXL>At  If  J  )THEKGQT094 

90  iF  Zi+fc  13-1  )#Z0<  11  KA<  I  f  J  >THENG0TO95 

91  PUKG1-1T0HI 

lJ=iU<  GI  > 

:iFrK  If J)=-99.99THEN93 

92  Zl*tlN'K1.5-Ktt  I»J)-Z1  )*5G/C  Z2-Z1  >  )  )=UF$CCI  > 

93  NEX  IG1 
94-  1=1+1 

;.j=zx 
iGQTQaa 

9t>  IF  Z/>0G0TU97 

9d  Z0\  12>=Z5+ZG<  11  )*(  13-1  ) 

:lfriimtu3ing"+*.##lci;c"  no<  i2)i 
:zz=5 

tGQTQ93 

97  LP  KIN!  "  r  r 

98  FQRZ9=OTQ52 

SLPRIttTZltl Z9 J* 
INEXLZ9 
&LPRIN.T 
:Z7=Z7-1 

:mexti3 
tzi=zi+i 

:ZO<  0)--55 
JG0TG66 

99  XL=AC1»ZX) 

:XH=A<  RrZX  ) 
1YL=9999 
I  ¥ti=-9999 

;fqki=itor 

:fqrgi=itoni 

JZY=lUtUI  ) 
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:IFA<  IiZY  >= -9 9. 99 THEN  102 

100  IFYD-AC  IiZY  )THENYL=AC  I  iZY  > 

101  IFYH<m  I »  ZY  >THENYH=AC  I  »ZY  > 

102  NEXT Li 

I  NEXT I 
I RE  I  URN 

103  XLC  1  >-XL 
JXFKl  >-XH 
ILLS 

:PRINTt»448»  "PLEASE   ENTER   NEW    MINIMUM   VALUE   FOR   X    — > 

:fl=-i2 

5GOSUB2 

sxl=val(  in*) 

:  print 

j  print" please  enter  new  maximum  value  fgft  x  — >  "i 

:  GO  SUB  2 

:xh=val(  im  > 

;GOT066 
10+  YLC  1  >=  YL 
:  YtK  1  >=YH 

:cls 

:prittt0448r" please  enter  new  minimum  value  of  y  — > 

:FL=~12 
IGOSUB2 

:yl=val(in$  ) 

I  PRINT 

i PRINT" PLEASE   ENTER   NEW    MAXIMUM   VALUE   OF    Y    — >    "r 

SC0SUB2 

:yh=valcin*  > 

IGOT06S 

105  IFZV=1THENZV=QELSEZV=1 

106  GOTQ63 

107  IFZH=1THENZH=GELSEZH=~L 

108  GOTQ66 

109  CLS 

;pEUNT6448f "PLEASE  ENTER  NEW  TITLE  — >  " 

tPL=50 

IG0SUB2 

;zo$=in* 

SGOT066 

no  ui*="  x-axis:     " 
:cls 

:primt@448» "please  enter  neu  x-axis  lasel  -->  " 
:fl=50 
:gosub2 

SU1$=WI*-HN* 
IGGTQ66 

111  UQ1="  Y-AXIS  :       " 

:cls 

:print0448f "please  enter  new  y-axis  label  -->  " 

;fl=5& 

JG03UB2 
JUQit=U'0*iIN* 

:goto6o 
112  run"glr1/bas" 

113  GUSUB25 
:GOTQ66 
114-  COSUB133 

:an$="data  set  name  -->  " 

ICLS 


48 


: INPUT AN 
:riN$=LEFTKF$»LEN4F$>-i  > 

:CC=LEN<BN*  ) 
IGTJSUB126 

ILFRINTTABCZZyJIiN* 
ILPRINT"    " 

ilprint"  " 

tJJ=IN.TCC/4*l+l  ) 

iii=int<r/2q0*1+1  ) 
ifori=itoii 

115  ifr-20o*i>=q.0thenn=20gelsen=20g+tr--200*i  > 

116  F0RJ=1T0JJ 

JIFC-4*J>=O.0IHENL=4ELSEL=4+( C-4*J  ) 

117  LPRINT"VARi"; 

ifgrkk=oto<  l-i > 

ILPRINTTABt  14*KK+3  X  KKil  H4*C  J-l  )» 

inextkk 

ILPRINT"    " 

ILPRINT" " 

:for«=iton 

ILPRINT " 0"  i M+200*<  1-1  )J"  I"  i 
IFQRK=1T0L 

IA=A(rt+2GQ*C  1-1  >iK+4*CJ~l  )  ) 
11&  LPRINTTAB*  14*C  K-l  H-8  }A» 
INEXTK 
ILF'RINT 
INEXTrt 
ILPRINT"    " 
ILPRINT"    " 
ILPRINT"     ■ 
INEXTJyl 
IG0T066 

119  CL.S 

IPRINT"  YOU    MUST    ENTER    THE    EQUATION   BY    FIRST    TYPING    LINE+122" 
IF'RINT"THEN   ENTER    THE    EQUATION    —   E*G.    122    Y=XL2      <ENTER>    THEN   RUN   120" 
ISTQP 

120  YU=1 
IGQSUB131 
IG0SUBI24 

121  CLS 

IPRINTS44S*" ENTER    BEGINNING    VALUE    OF    X    — >       "J 

IFL=-12 

IGGSUB2 

I  BEGINS  AL(  im ) 

IPRINT 

IPRINfENTER    THE    ENDING    VALUE    OF    X    — >      "i 

IG0SUS2 

IED=UAL< IN*  ) 

IPRINT 

IPRINT "ENTER    THE    INCREMENT    OF    X    -->    "i 

IG0SUB2 

IINC=VAL(  IN*  > 

11=1 

IGGSUB136 

:i=i 

IF0RX=BE   TO    EDSTEPIN 

122  Y1-=0.252*XL2.239 

I     Y2=0  4l78*Xi:2.333 
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123  <K  I  rl  >=X 
:ACIr2>=Yi 
:A(I»3)=Y2 
:A<Ir4  )=Y3 

:i=i+i 
:nextx 
:r=i-i 
:c=4 

;GOTQ36 

124  UiMZO<  20  > rZlU  52  >tZQWzi2  >»yO*C52  >»U1*C52  > 

:zv=i 
;zh=i 
:zo$=" figure  1»" 

:UO*="  Y-AXIS'1 

;UF*42>=M0" 
:UP*C3)-"X" 
:WPiK4  }="(?" 
SWF*t 5  )=•"#" 
:WF*4  6  >=■"&" 
IKtlUKN 

125  FQRI=lT05OO 

:nexi  i 

IRE i URN 

126  £Z==INTC3Q-eC/2> 

: RETURN 
12?  is~o 
ILLS 

:fori=itoc 
:gosubi2b 

iPRIMT"VftR   *"fl>"    =   ";n*ci> 

:next 

:iNPl}T"<ENltRJ>    1Q   RETURN"  "t A9 

:return 
12a  i8=xa+i 

:iFi3<=i0iHEN129tLSEINPUT" <ENTER>    FOR   CUNT."jA9 

12V   KtlUKN 

ISU  UiMACR*C)»KC  ) 

: RE  I URN 
1.41  ULt\n<  20*>»  7  )  f  K  7  ) 

:return 

ISA  RUN 

146  1FYUOHHEN135 

1.44    LLS 

:  INPUT" <ENTER>   NAME  FOR   DATA   SET"iF4 
liir  KfclURN 
iSh  PRINT 

:print" computing  values" 
;reiurn 

40W>  A*=1NKEY* 

:iFA*=""GOTO400O 
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.PRINT  "0"  »tt+200*<  1-1  )i"l"  J 

-ORK=i TOL 

fr=At  N-f2Q0*C 1-1  )iK+4*(  J-l  )  ) 

PRINT  TAB*  14*C K-l )+3 )A» 

MEXTK 

LP  R I  NT 

nextm 
Iprint"  " 

LP R INT"    " 
LP  R I  NT"    u 
NEXT  J » I 
G0TQ66 
LS 

PRINT" YOU    MUST    ENTER    THE    EQUATION   BY    FIRST    TYPING    LINE*122" 
PRINT" THEN   ENTER    THE    EQUATION    —  E*&.    122   Y-XC2      <ENTER>    THEN   RUN   120" 
;STQP 
RM 

pOSUB13i 
;GQSUBi24 
JL3 

PRINT@448»"ENTER    BEGINNING   VALUE    Of    X   — >      "  j 
Il==-12 
G0SUB2 

BEGIM=VAU  IN*) 
PRINT 

PRINf'ENTER    THE    ENDING    VALUE    OF    X    — >      "  t 
JGQSUB2 
^EB=VALC IN*  ) 
5PRINT 

PRINT "ENTER    THE    INCREMENT    OF    X   -->    "  t 
:,G0SUB2 
INC=VAL<  IN*  > 
f;i-I 
:G0SUB136 

1=1 

FORX=BE   TO    EBSTEPIN 
i~0.252iXL2.239 
,    Y2=0.17B*XC2.33i 


51 


:    Y3=0.165*XC2*362 
\23  <K  I*1>=X 
:ACIr2>=Yl 
IAUr3)=Y2 
;A<ilf4  >=Y3 

:nextx 
:r=i-i 
:c=4 
;eoiQ36 

124  UirtZ(K  20  >>Zl*t  52  >»Z<m  52  >»U0$C52  >i(*l$C52> 

:d«=5oq 

:zv=i 

;zh=i 

:Z  '31="  FIGURE    1*" 
1U0*="  Y-AXIS'1 

iUF*i2  >="0" 

:ukks)--="X" 

:UF  iv6  )=•"&" 
IKhlUKN 

125  FURI=1T0500 

:m£xu 

1RL1UKN 

126  £Z  -IWK  30~eC/2  > 

RETURN 
12?    18=0 

ills 
:fuki=itqc 

iG0SUB12S 

:PKIMT"VA«    #"  5  If"    =    "5K1»CI> 

:next 

:iNPttT"<ENltR>    1U   RETURN" *A7 
IRETURN 
12H  18=13+1 

51Ha<»10'iHEH124?ELSEIWPUT"<ENTER>    FOR   CUNT 

;iw-i 

12V    KL1UKN 

lJO  UiMAvRrC  J» TCC  J 

: KE I  URN 

i>ii1A\  200  » 7  )  f  It  /  ) 

:keturn 

KUN 

it-  tU-:.;1  I  HEN  135 
LLb 

IINFUT"  .ENTER; 
Kb  t  UKN 
HK1NT 

iPRINT" COMPUTING 
:Kt  IUKN 
400O  Ai-1NKEY* 

:IFhI='":GOTU4000 


A9 


1.51 
132 
LS4 

liti 

Ijso 


NAME  FOR    DATA   SET" iF* 


'VALUES" 
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The  general  linear  model  regression  (GLMR)  program  provides 
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capability.  The  output  provides  a  regression  ANOVA  table,  esti- 
mators of  the  regression  model  coefficients,  their  confidence  inter- 
vals, confidence  intervals  around  the  predicted  Y-values,  residuals 
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of  the  regression  program  to  facilitate  quick  plotting  of  residuals. 
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3E  MICROCOMPUTER  SCIENTIFIC  SOFTWARE 

SERIES  3: 
GENERAL  LINEAR  MODEL— ANALYSIS  OF 

VARIANCE 


Harald  M.  Rauscher,  Research  Forester, 
Grand  Rapids,  Minnesota 


GENERAL  information 

Identification 

me:        General  Linear  Model-ANOVA  (GLMA) 
:ation:  North  Central  Forest  Exp.  Station 

1831  Highway  169  East 

Grand  Rapids,  MN  55744 
iguage:  Microsoft  BASIC 
tiputer:  Radio  Shack  TRS-80  Microcomputer1 


Summary 


Jrogram  GLMA  performs  an  analysis  of  variance 
"J OVA).  No  a-priori  restrictions  are  imposed  on  the 
es  of  experimental  designs  that  can  be  analyzed, 
balanced  as  well  as  balanced  designs  may  be  an- 
zed  and  the  linear  model  may  contain  nested  or 
ss  classified  factors.  The  user  is  required  to  set 
estimable  functions  that  lead  to  testable  hy- 
heses.  An  example  illustrates  how  to  obtain  the 
per  estimable  functions  to  compute  the  most  fre- 
mtly  needed  sums  of  squares  for  hypothesis  test- 


rhe  GLMA  program  displays  the  overall  model 
OVA  table,  the  degrees  of  freedom,  sums  of  squares, 
1  mean  square  for  each  hypothesis  to  be  tested. 
i  user  must  select  the  appropriate  error  mean 
lare  for  each  F-test,  compute  the  F  statistic,  and 
k  up  its  significance  level  in  a  table  of  F-values. 

rhe  current  version  of  GLMA  does  not  perform 
ariance  analysis,  compute  variance  components, 


Mention  of  trade  names  does  not  constitute  en- 
sement  of  the  products  by  the  USDA  Forest  Service 


provide  postiori  tests  on  the  hypotheses,  nor  estimate 
the  expected  values  of  the  model  parameters  or  their 
confidence  intervals. 

Objectives 

The  GLMA  program  and  user's  guide  will: 

(a)  Provide  users  of  small  computers  with  a  gen- 
eral purpose  analysis  of  variance  program,  and 

(b)  Document  the  program  to  allow  user  imple- 
mentation of  extensions. 

Intended  Readership 

Self-sufficiency  in  the  area  of  computer  data  anal- 
ysis is  becoming  increasingly  more  important,  de- 
sirable, and  financially  attractive.  As  used  above, 
self-sufficiency  in  data  analysis  is  defined  as  (1)  im- 
mediate, desk  top  access  to  data  analytical  tools,  (2) 
cost  of  computer  use  not  a  function  of  time  on  the 
system,  and  (3)  the  power  to  add  to,  delete  from,  and 
alter  the  data  analysis  software.  This  is  one  of  a 
series  of  BASIC  lanquage  programs  designed  to  help 
interested  users  achieve  data  analysis  self-suffi- 
ciency. The  most  important  non-equipment  related 
requirements  to  achieve  data  analytical  self-suffi- 
ciency is  the  ability  of  the  user  to  program.  Those 
who  choose  not  to  be  programmers  should  either  have 
access  to  a  programmer  or  depend  upon  packaged 
data  analysis  systems  to  meet  their  needs. 

All  users  of  BASIC  programs  should  find  this  soft- 
ware of  value  either  directly  or  as  a  source  of  com- 
puter algorithms.  Users  of  small  computers  with  Mi- 
crosoft (tm)  BASIC  will  be  able  to  implement  GLMA 
with  a  minimum  of  effort  and  programming  knowl- 
edge. Users  of  small  computers  with  other  BASIC 
language  implementations  will  need  to  reprogram 


certain  basic  statements.  Frederick  etal.  (1979)  have 
prepared  an  excellent  guide  for  translating  programs 
between  dialects  of  BASIC. 

All  users  should  be  familiar  with  the  assumptions 
behind  analysis  of  variance,  how  to  construct  a  de- 
sign matrix  based  on  a  linear  model,  and  how  to 
select  the  appropriate  error  mean  square  for  each  F- 
test. 

The  numerical  methods  are  presented  to  allow  the 

reader  to  judge  their  suitability. 
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Quick  Reference  Guide 

Input  requirements 

The  user  must  formulate  the  statistical  model 
be  tested  and  label  each  element  of  the  model  as 
random  or  a  fixed  effect  element.  GLMA  requir 
that  an  m  by  1  matrix  containing  the  observatio 
on  the  dependent  variable  (  Y  )  be  defined  and  locat 
on  disk.  The  design  matrix  (  X  )  of  dimensions  m 
n  must  also  be  created  by  the  user  and  saved  on  di 
before  accessing  the  analysis  of  variance  prograi 
The  m  stands  for  the  number  of  observations  ai 
the  n  stands  for  the  number  of  elements  (columr 
in  the  design  matrix. 

GLMA  Output 

(a)  ANOVA  table, 

(b)  type  I  sum  of  squares  for  each  hypothesis, 

(c)  mean  square  and  degrees  of  freedom  for  ea< 
hypothesis  tested. 

APPLICATION 
Introduction 

This  section  of  the  guide  shows  you  how  to  u; 
GLMA.  Each  option  in  the  system  relevant  to  an£ 
ysis  of  variance  is  presented,  discussed,  and  illu 
trated  by  example. 

After  the  model  has  been  specified,  you  must  s 
up  the  design  matrix  (X).  The  data  from  a  two-wa 
unbalanced  ANOVA  experiment  with  interactk 
terms  (Searle  1971,  p.  289)  is  presented  in  table 
and  will  be  used  as  an  example.  The  linear  mod 
is: 

Y  ljk  =  mu  -I-  (alpha) ,  +  (beta)j  +  (gamma)  y  +  e 
where:  i  varies  from  1  to  3 

j  varies  from  1  to  4 

k  varies  from  0  to  4 

With  balanced  data,  every  one  of  the  ij  cells  wou 
have  a  constant,  k,  number  of  observations.  In  tl 
unbalanced  case  k  varies. 

To  begin,  initiate  the  operating  system  and  act 
vate  the  BASIC  interpreter  of  your  computer  syster 
Next,  run  program  "GLM1/BAS".  The  menu  of  choia 
displayed  in  figure  1  will  appear  on  the  screen.  0) 
tion  number  1  will  redisplay  the  menu,  number 


Ible  I.— Example  data  for  a  two-way,  unbalanced  ANOVA  with  interactions  terms  (Searle 
\l971,p.289) 
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READ  A  MATRIX 
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MODEL 

;lect  one  of  the  above  — 


gure  1. — Control  Menu  for  Program  GLMA. 


will  exit  the  program  and  return  control  to  the  BASIC 
interpreter,  number  3  is  used  to  read  a  data  matrix 
from  the  disk,  and  number  7  allows  printing  of  the 
data  matrix. 

If  matrix  Y  is  not  already  stored  on  disk,  select 
number  5  to  enter  it  from  the  keyboard.  When  you 
are  asked  for  the  number  of  rows  and  columns  (m,n) 
in  the  matrix,  enter  <18,1>.  Then,  when  you  are 
asked  to  give  the  first  column  a  name,  enter  <Y>. 
Finally,  you  are  asked  to  enter  the  data  elements. 
For  1,1  enter  <8>,  for  2,1  enter  <13>,  and  so  on 
(see  data  in  table  1). 

After  the  18th  element  has  been  entered,  you  are 
returned  to  the  menu  of  options.  Select  number  6  to 
display  your  matrix.  Notice  that  only  13  of  the  18 
rows  of  Y  are  displayed  at  one  time.  Pressing  the 
down  arrow  on  the  keyboard  displays  the  next  "page" 
of  data.  Pressing  the  up  arrow  returns  the  first  page 


to  the  screen.  When  a  matrix  has  more  than  four 
columns,  only  four  columns  will  be  displayed  on  any 
given  "page".  The  left  and  right  arrows  move  the 
"page"  across  the  desired  sections  of  the  matrix.  To 
return  to  the  menu,  press  the  <CLEAR>  button. 

Selecting  option  number  4  allows  you  to  save  Y 
on  disk.  When  queried  for  the  file  name  under  which 
the  matrix  will  be  saved,  avoid  labeling  it  "Y"  be- 
cause the  program  uses  the  disk  file  names  Y,  X, 
XPX,  and  XPXI  to  store  intermediate  results.  Next, 
you  are  asked  to  specify  the  disk  where  you  want  to 
store  the  matrix.  Using  the  TRS-80,  always  choose 
a  drive  other  than  drive  O.  This  practice  ensures 
sufficient  disk  storage  capacity  for  the  intermediate 
matrices. 

The  design  matrix  (X)  (table  1)  can  be  entered 
onto  disk  the  same  way.  Notice,  however,  the  sparcity 
of  l's  in  a  field  of  O's.  The  X  matrix  can  be  created 
easily  by  using  the  numerical  information  manip- 
ulation system  (NIMS)  (Rauscher  1983a).  NIMS  was 
designed  to  help  you  manipulate  data  matrices.  It 
can  be  used  to  create  an  18  by  16  matrix  of  zeroes 
in  one  command.  The  alter  subroutine  in  NIMS  can 
then  be  used  to  create  full  or  partial  columns  of  l's. 

Once  Y  and  X  are  stored  on  disk  1,  select  number 
9  (fig.  1).  You  are  asked  to  enter  the  filename  of  the 
Y  and  X  matrices.  Remember  that  these  filenames 
are  not  necessarily  "Y"  and  "X".  These  are  read  into 
the  active  memory  and  the  program  executes.  After 
a  variable  waiting  period,  you  are  asked  to  enter  the 
number  of  significant  figures  in  the  raw  data.  Be- 
cause of  errors  in  the  original  data  and  errors  due 
to  computer  floating  point  arithmetic,  it  is  not  pos- 
sible to  distinguish  small  singular  values  from  zero 
singular  values.  A  tolerance  value,  based  on  the 
number  of  significant  figures  in  the  data  and  on  ma- 
chine precision,  is  used  to  identify  the  effective  num- 
ber of  non-zero  singular  values. 

Before  the  display  of  the  ANOVA  table  you  are 
asked  if  you  want  the  grand  mean  displayed.  In- 
cluding the  grand  mean  causes  the  ANOVA  to  dislay 
the  sum  of  squares  that  has  been  accounted  for  by 
the  mean.  This  sum  of  squares  is  not  presented  in 
the  "usual"  ANOVA  table. 

The  ANOVA  display  (fig.  2)  presents  the  sum  of 
squares  associated  with  the  overall  model,  the  error 
sum  of  squares,  and  the  total  sum  of  squares  for  the 
example.  Additionally,  pertinent  summaries  con- 
cerning the  dependent  variable  Y  are  given.  De- 
pressing the  <ENTER>  key  returns  you  to  the  query 
about  including  the  mean  or  not.  Fianlly,  the  B  and 
the  (X'X)   '  matrices  are  saved  onto  the  disk  and  you 


are  given  the  chance  to  review  and/or  print  the  (X'X)  '| 
matrix.  The  second  program,  GLM2/BAS,  then  ai  - 
tomatically  loads  and  executes. 

Program  GLM2  reads  the  X  matrix  from  disk  ai ; 
computes  the  X'X  matrix.  After  transferring  the  X  i 
matrix  onto  disk,  you  are  given  the  opportunity  ; 
display  it  on  the  screen,  print  it,  or  continue  pro 
essing.  Next,  you  are  asked  if  you  want  the  estimab  \ 
functions  that  lead  to  Type  I  sum  of  squares.  If  tl  ( 
answer  is  yes,  the  computations  proceed  and  the  r  ■ 
suit  is  automatically  displayed  on  the  video  sera  ■ 
(table  2).  Enter  <CLEAR>  and  you  can  choose  : 
print  the  estimable  functions. 

The  third  program  o  the  series,  GLM3/BAS, 
read  into  memory,  the  generalized  inverse  of  X'X  ar  1 
the  X'X  matrices  are  read  from  disk,  and  the  H  m.  • 
trix  is  computed.  After  the  B  vector  is  read  from  dis  . 
you  are  asked  to  create  the  test  matrix  K  by  su]  ■ 
plying  the  estimable  functions.  You  may  enter  e  t| 
timable  functions  of  your  own  design  or  you  maw 
enter  the  previously  computed  estimable  functioi  i 
that  will  lead  to  Type  I  sums  of  squares.  The  matr  ; 
of  estimable  functions  is  a  square  matrix  in  whic  i 
the  name  of  row  i  corresponds  to  the  name  of  colum  i 
i  (table  2).  For  instance,  both  columns  2-4  and  rov  • 
2-4  correspond  to  the  alpha  effects  in  the  model.  : 
is  best  to  draw  lines  across  the  rows  to  separate  tl  I 
first  row,  representing  mu,  population  mean,  fro:  u 
the  remaining  rows.  Next,  draw  a  line  separatir ; 
the  alpha  effect,  rows  2,  3,  and  4,  from  the  remainde 
Draw  a  line  after  row  8  to  separate  out  the  bel  i 
effect.  Rows  9  to  16  correspond  to  the  interactic ) 
effect,  gamma.  To  create  the  test  matrix,  which  wi  1 
compute  the  sum  of  squares  for  the  alpha  effect,  sir  • 
ply  enter  every  non-zero  row  from  the  estimab  1 
function  block  that  designatesd  the  alpha  effect.  1  i 
this  case,  there  are  two  non-zero  rows  in  the  alpr  j 
effect  block,  i.e.  row  2  and  3.  Thus  the  K  matrix  wi  1 
have  two  rows  giving  the  alpha  effect  2  degrees  1 
freedom.  Similarly,  the  beta  effect  has  three  non-zei  J 
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Source    SS 


SS 


MS 


F       Probability 


Model        7    81.9988  11.7141  2.0918      0.1399 
Error       10         56  5.6 

Total        17    137.999 

Mean  of  Response  Variable  Y  =  11 

Std.  Dev.  of  Error  =  2.36643  C.V.  of  Y  =  21.5 

Multiple  Correlation  Coefficient  (R**2)  =  .549199 

Figure  2. — ANOVA  display  for  example  problem. 


'!ible  2. — Estimable  functions  that  lead  to  Type  I  sum  of  squares  for  the  example  problem 
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)\vs,  i.e.  5,  6,  and  7.  These  rows  are  entered  as  es- 

I 

imable  functions,  one  at  a  time,  thus  creating  a  K 

latrix  with  three  rows  and  3  degrees  of  freedom  for 

le  beta  effect  sum  of  squares.  The  interaction  effect, 

amma,  has  only  two  non-zero  rows  which  become 

fie  estimable  functions  in  K,  yielding  2  degrees  of 

■eedom  for  the  interaction  sum  of  squares.  The  sum 

f  the  degrees  of  freedom  of  the  alpha,  beta,  and 

amma  effects  must  equal  to  the  overall  model  de- 

rees  of  freedom. 

When  each  set  of  estimable  functions  has  been 
ntered,  you  are  asked  whether  the  M  vector  (right 
and  side  of  the  hypotheses)  is  zero.  Usually  it  is. 
i  the  example,  assume  that  M  is  a  zero  vector.  The 
rogram  executes  the  estimability  check.  If  a  K  ma- 
'ix  is  found  that  is  not  estimable,  you  are  advised 
nd  allowed  to  build  another  K  matrix.  If  you  used 
le  computed  estimable  functions,  then  you  will  pass 
le  error  check. 

The  program  computes  and  displays  the  hypoth- 
sis  sum  of  squares,  the  mean  square,  and  the  as- 
iciated  degrees  of  freedom  for  each  set  of  estimable 


functions  (table  3).  The  F-statistic,  used  for  testing 
a  null  hypothesis,  is  computed  by  dividing  the  mean 
square  for  the  null  hypothesis  by  an  appropriate  er- 
ror mean  square.  The  selection  of  the  denominator 
mean  square  depends  on  the  expected  mean  squares 
(ems)  for  each  effect  in  the  model.  GLMA  does  not 
compute  ems.  The  user  must  first  decide  whether  the 
model  is  a  fixed  effects,  random  effects,  or  mixed 
effects  model  an  then  calculate  the  appropriate  ems. 
Given  the  appropriate  ems  and  the  numerator  mean 
squares  calculated  by  this  program,  the  user  can 
readily  compute  the  appropriate  F-statistic  to  test 
hypotheses. 

Table  3. — Analysis  of  variance  results  for  the  ex- 
ample two-way  classification  with  interaciton  (see 
Table  1) 


Source 


Alpha 

beta 

gamma 


Sum  of 

Mean 

:if. 

squares 

square 

2 

10.50 

5.25 

3 

36.79 

12.26 

2 

34.71 

17.36 

PROCEDURES  AND 
REQUIREMENTS 

System  Characteristics 

Program  GLMA  is  written  in  BASIC  for  the  TRS- 
80  microcomputer.  The  computer  should  have  a  min- 
imum of  48K  of  user  definable  random  access  mem- 
ory (RAM),  two  disk  drives,  and  a  lineprinter.  Ex- 
perience with  the  TRS-80  has  shown  that  it  is  best 
to  mount  the  operating  disk  with  the  GLMA  pro- 
grams on  disk  drive  0  (see  TRS-80  owners  manual) 
and  use  disk  drive  1  to  store  and  retrieve  the  data 
matrices.  Because  highly  compatible  versions  of 
BASIC  are  available  for  most  microcomputer  sys- 
tems, I  believe  that  this  program  can  easily  be  con- 
verted to  execute  on  most  computer  systems  that 
execute  some  dialect  of  the  BASIC  language. 

Performance 

Available  memory  and  speed  of  computation  are 
the  primary  limits  to  performing  ANOVA  using 
GLMA.  The  dimensions  of  the  design  matrix  (X)  must 
be  set  to  the  number  of  observations  (rows)  in  the 
analysis  and  the  number  of  effects  (columns)  in  the 
model  to  be  analyzed.  These  dimensions  will  vary 
between  problems.  Line  number  40000  in  each  of  the 
three  subprograms  that  make  up  GLMA  contains  the 
BASIC  dimension  statement  that  defines  the  size  of 
the  response  and  design  matrices.  In  general  the 
program  can  process  an  X  matrix  with  100  rows  and 
25  columns.  Using  fewer  rows  increases  the  maxi- 
mum number  of  columns  possible  and  vice  versa. 

Processing  speed  varies  with  the  dimensions  of 
the  X  matrix.  The  following  examples  may  be  used 
as  an  index  of  processing  speed:  X(12,8)  about  4.5 
minutes;  X(18,16)  about  17  minutes;  X(37,5)  about 
7  minutes;  and  X(24,20)  about  37  minutes.  Process- 
ing times  were  measured  from  the  start  of  the  pro- 
gram until  the  overall  model  ANOVA  table  was  dis- 
played. These  times  could  be  improved  by  a  factor 
of  10  by  compiling  GLMA  using  the  BASIC  compiler 
available  for  the  TRS-80. 

Data  Compatibility 

Program  GLMA  uses  the  data  interchange  stan- 
dard (DIS)  proposed  by  Buhyoff  et  al.  (1980).  This 
standard  is  described  in  detail  by  Rauscher  and 
Buhyoff  (1982).  Using  a  common  DIS  decreases  pro- 
gram development  time  and  isolates  system  depen- 
dencies into  small,  explicit  subroutines.  Using  a 
common   DIS-  enforce&  a  "standard"  input/output 


structure  on  data  transferred  between  disks.  Th  5 
"standard"  structure  unites  otherwise  independei  t 
data  analysis  programs.  The  input  matrices  requirt  1 
by  this  program  may  be  created  by  GLMA  or  by  tl ; 
numerical  information  manipulation  system  (NIMJ ) 
reported  by  Rauscher  (1983a).  These  two  program  s 
and  many  others  (Buhyoff  et  al.  1980)  are  compatibi  > 
because  they  both  use  the  DIS.  Because  the  X  matri ; 
contains  mostly  0's,  it  is  efficient  to  allow  the  con  • 
puter  to  create  a  design  matrix  with  all  zeroes.  Th  \ 
alteration  routine  in  NIMS  may  then  be  used  1 1 
change  the  appropriate  zeroes  into  l's. 

Analysis  of  Variance — Theory 

Program  GLMA  is  based  upon  the  theory  of  gei' 
eral  linear  models  presented  by  Searle  (1971).  Th1* 
problem  in  analysis  of  variance  (ANOVA),  as  i  ii 
regression,  is  to  find  a  solution  to: 

Y  =  X  B  +  E  d 

where: 

the  m  by  1  matrix  of  observations  on  th  i 
dependent  variable 
the  m  by  n  design  matrix 
B  =  the  n  vector  of  parameters 
E  =  Y-XB  =  an  m  vector  of  random  errors 


1 


Y  = 


X 


Every  element  in  E  is  assumed  to  have  variaiu !  5 
(sigma)2and  zero  covariance  with  every  other  el(  5 
ment  (Searle  1971).  The  regression  analysis  problei  1  .-, 
is  defined  when  X  is  of  full  rank,  i.e.  r(X)<n. 

'  S 

In  ANOVA,  the  X  matrix  is  called  the  design  m; 
trix  because  it  carries  the  code  for  the  design  of  th :'  :i 
analysis.  It  contains  only  0's  and  l's  derived  directl '   1 
from  the  hypothesized  design  model  under  invest  ■ 
gation.  The  solution  to  (2)  is:  J 

B  =  (X'X)-1X'Y  d  n 

where: 

B  =  the  n  vector  of  estimates  of  parameters 

X'  =  transpose  of  X 
(X'X)"1  =  inverse  of  X'X. 

However,  X'X  has  no  unique  inverse  because  it  i 
not  full  ranked.  X'X  does  have  many  generalize 
inverses,  any  one  of  which  can  be  used  to  solve  th 
problem.  Equation  (3)  may  be  restated  as: 

B  =  GY  MiM 

where: 

G  =  any  generalized  inverse  of  X. 

1  . 

The  singular  value  decomposition  algorithm  c 
Golub  and  Reinsch  (1970)  is  used  to  solve  (4).  A  sin  I 
gular  value  decomposition  of  an  m  by  n  real  matrix 
X,  is  any  factorization  of  the  form: 


6 


IX  =  US  V  (5) 

mere: 

S  =  an  m  by  n  diagonal  matrix  of  sin- 
gular values 
if  Sii<q  then  S„  =  0 
S„  =  ith  singular  value 
q  =  a  tolerance  value  based  on  the 
precision  of  the  data  in  the  X 
matrix 
U  =  an  m  by  m  orthogonal  matrix 
V  =  an  n  by  n  orthogonal  matrix. 
G  =  V  S+  U'  where:  S+  =  as  above  except  S+u  = 
k  (6) 

B  =  (X'X)-1  X'  Y  =  V  S+  U'  Y  (Forsythe  et  al. 

77)  (7) 

,'X)  »  =  V  <S+)2  V  (Nash  1979)  (8) 

sing  these  results  as  the  basis,  the  sums  of  squares 
n  be  computed  as  outlined  in  Searle  (1971): 


E'E  =  error  sum  of  squares  =  SSE 

2 


sigma 

tiere: 
sigma 


SSE/(m-r(X)) 

=  Residual  error  estimate  of  variance 

m  =  number  of  observations 
r(X)  =  rank  of  X 


(9) 
(10) 


SST  =  Y'Y  =  total  sum  of  squares  (11) 

SSR    =    SST   -SSE    =    sum  of  squares  due  to 


igression 


;12) 


SSM  =  m  *  Y2  =  correction  term  for  the  mean 

(13) 
here: 

Y  =  mean  of  Y 

SSRm  =  SSR- SSM  =  regression  sum  of  squares 
>rrected  for  the  mean  (14) 

SSTm  =  SST- SSM  =  corrected  sum  of  squares 
f  dependent  variable  Y  (15) 


R**2       =       SSRm/SSTm 
etermination. 


coefficient      of 

(16) 


To  test  hypotheses,  we  must  assume  that  the  er- 
)rs  are  normally,  independently,  and  identically  dis- 
'ibuted.  If  we  can  make  these  assumptions,  F(R) 
ig.  3A)  tests  the  hypothesis  that  XB  =  0.  If  F(R)  is 
ignificant,  we  conclude  that  the  model  accounts  for 
significant  portion  of  the  variation  in  the  y-vari- 
ble.  F(M)  (fig.  3B)  tests  the  hypothesis  that  E(Y)  =  0, 
e.  the  expected  value  of  the  mean  of  the  Y  obser- 
ations  is  zero.  F(M)  is  given  by  GLMA  when  the 
.NOVA  display  with  the  mean  is  requested.  F(R) 


can  be  computed  from  the  ANOVA  display  with  the 
mean  by  first  summing  up  the  sums  of  squares  due. 
to  the  mean  and  the  model  after  the  mean  has  been 
accounted  for  and  then  dividing  by  the  sum  of  the 
model  degrees  of  freedom  and  the  error  mean  square. 
F(Rm)  (fig.  3C)  provides  a  test  of  the  model  E(Y)  =  XB 
over  and  above  the  mean.  F(Rm)  is  displayed  in  the 
ANOVA  without  the  mean  displayed.  When  F(Rm) 
is  significant,  we  conclude  the  model  satisfactorily 
accounts  for  variation  over  and  above  the  mean.  If 
all  three  F-statistics  are  significant,  then: 

"F(R),  F(M),  and  F(Rm)  indicate,  respectively,  that 
the  model  accounts  for  a  significant  portion  of  the 
variation  in  y,  that  the  mean  is  unlikely  to  be  zero, 
and  that  the  model  needs  in  it  something  more  than 
the  mean  to  explain  variation  in  y"  (Searle  1971,  p. 
180). 

Estimable  Functions 

Once  the  sum  of  squares  for  the  overall  model  has 
been  computed,  we  generally  wish  to  decompose  this 
value  into  the  various  sum  of  squares  for  each  main 
effect  and  interaction  term  in  the  model.  This  amounts 
to  partitioning  the  sum  of  squares  of  regression 
(SSRm)  after  fitting  the  mean  (fig.  3C).  The  major 
statistical  analysis  packages  such  as  SAS  (Helwig 
and  Council  1979)  partition  the  model  sum  of  squares 
automatically  by  assuming  the  investigator  desires 
to  test  "standard"  hypotheses.  An  option  is  available 
for  the  user  who  needs  to  test  additional  hypotheses. 
GLMA  is  not  capable  of  automatically  partitioning 
the  model  sum  of  squares. 

The  user  must  create  the  matrix  of  estimable  func- 
tions (K)  for  testing  of  hypotheses: 

HO:  K'B  =  M  (17) 

where: 

HO  =  null  hypothesis  under  test 

K  =  matrix  of  estimable  functions 

M  =  right  hand  side  of  the  hypothesis  (often  equal 
to  the  zero  vector)  The  B  vector  is  supplied  by  the 
program  and  calculated  as  in  (7). 

The  GLMA  program  supplies  the  user  with  the 
X'X  matrix,  the  X'X  '  matrix,  and  the  matrix  of 
estimable  functions  that  lead  to  the  computation  of 
Type  I  sums  of  squares.  Type  I  sums  of  squares  are 
discussed  by  Helwig  and  Council  (1979,  p.  254)  and 
by  Goodnight  (1978,  p.  6).  This  program  uses  the 
Forward  Doolittle  method  (Steel  and  Torrie  1960)  on 
the  X'X  matrix  to  compute  the  estimable  functions 
that  lead  directly  to  the  Type  I  sum  of  squares. 


(MODEL 
Source 


Yi  jk   =     y+  ai    +  3j   +  yij     +  ei  jk) 


D.F. 


SS 


MS 


F-Statistic 


Model 
(A)     Error 


8  2260    (SSR)        282.5 

10  56    (SSE)  5.6 


50.4   =  F(R) 


Total 


18 


2316    (SST) 


Source 


D.F. 


SS 


MS 


Mean:  1 

(B)     Model :    a,   3,   y|v       7 

Error  10 


2178    (SSM)      2178 
82   (SSRm)        11.71 
56    (SSE)  5.6 


F- Statistic 


388.9  =  F(M) 
2.1   =  F(Rm) 


Total 


18 


2316    (SST) 


Source 


D.F. 


SS 


MS 


Model :      a,   3,  y\\i     7 
(C)     Error  10 


82  (SSRm)   11.71 
56  (SSE)     5.6 


F-Statistic 


2.1  =  F(Rm) 


Total 


17 


138  (SSTm) 


Note:    a,3,y|y    =  model    effects  after  the  effect   of  the  mean   has   been   removed. 
Figure  3. — Example  ofANOVA  tables  from  program  GLMA. 


A  testable  hypothesis  is  one  that  can  be  expressed 
in  terms  of  estimable  functions.  To  ensure  that  the 
user  specified  estimable  functions  are  testable,  the 
following  identity  is  verified  in  the  GLMA  program: 

K'  =  K'H  (18) 

where: 

H  =  G  X'  X 

The  sum  of  squares  necessary  to  test  the  hypoth- 
esis HO:  K'B  =  M  is  supplied  by  the  program  and 
computed  as: 


il 


SS(HO)  =  (K'B-M)'  (K'GK)   '  (K'B-M) 

=  sum  of  squares  of  hypothesis 

s  =  r(K')  =  number  of  rows  in  K'        (2 
where: 

K'  is  by  definition  of  full  rank 

MS(HO)     =     SS(HO)/s     =     mean     square 
hypothesis 


<2 
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Program  Code 
Documentation 


roduction 

The  programs  are  coded  in  the  Microsoft  (TM) 
SIC  language  for  direct  use  with  the  Radio  Shack 
|*1)  Level  II  BASIC  interpreter.  Unlike  many  other 
iguages,  some  versions  of  BASIC  allow  concaten- 
on  of  several  logical  statements  in  one  physical 
B.  Microsoft  BASIC  uses  the  colon,  ":",  as  the  log- 
jl  statement  delimiter.  Because  each  physical  line 
ts  5  bytes  of  memory  and  each  unnecessary  space, 
yte,  small  computer  BASIC  programs  are  written 
compressed  code  and  appear  impossible  to  deci- 
ir,  especially  for  those  who  normally  program  in 
RTRAN.  To  make  matters  worse,  internal  pro- 
im  documentation  is  reduced  to  a  minimum  in 
SIC  because  these  statements  use  memory.  Given 
jse  memory  constraints  and  the  ability  to  refer 
ambiguously  to  any  physical  line  in  the  program, 
jlieve  that  adequate  documentation  of  BASIC  pro- 
ims  should  be  accomplished  external  to  the  code, 
e  code  is  presented  in  the  appendix  with  only  one 
ical  statement  per  line.  Each  logical  statement 
y  begin  either  with  a  linenumber  or  a  colon.  One 
ysical  line  consists  of  a  linenumbered  statement 
i  all  the  colon  statements  until  the  next  Unen- 
tered statement.  Each  section  of  code  is  explained 
;he  following  presentation  by  reference  to  physical 
enumbers. 

GLMA  is  composed  of  three  separate  programs: 
,MI/BAS,  GLM2/BAS,  and  GLM3/BAS. 
tgram  GLM1IBAS 

Program  GLMI/BAS  is  almost  identical  to  pro- 
im  GLR/BAS,  fully  documented  by  Rauscher 


(1983b).  Lines  2382-2395  in  GLR  have  been  deleted 
and  line  2415  added  to  GLM.  Line  2415  allows  dis- 
play or  printing  of  the  generalized  inverse  matrix 

(X'X). 

Program  GLM2IBAS 

Lines  13-690  comprise  the  common  SEED  pro- 
gram documented  by  Rauscher  (1983a).  In  line  1045, 
the  dimensioning  routine  is  accessed  in  line  40000 
and  in  line  1070,  the  X  matrix  is  read  from  the  disk. 
Lines  1080-1110  compute  the  X'X  matrix,  transfer 
it  to  the  input-output  matrix,  A(.,.),  save  it  to  disk, 
and  give  the  opportunity  to  display  it  on  the  video 
screen  and/or  print  it  on  a  lineprinter.  In  lines  1115- 
1180,  the  matrix  of  estimable  functions  for  use  in 
calculating  type  I  sum  of  squares  is  computed.  The 
procedure  used  is  the  Forward  Doolittle  method 
(Goodnight  1978,  p.  12-14).  The  matrix  of  estimable 
functions  is  displayed,  the  user  is  asked  whether  it 
is  to  be  printed,  and  the  next  program  is  called  (line 
1190). 

Program  GLM3/BAS 

Lines  13-920  are  the  SEED  program  subroutines 
that  accept  input  from  the  keyboard,  read  data  from 
disk,  and  write  data  to  disk.  Lines  1050-1100  read 
in  the  matrices,  (X'X)-1,  X'X,  and  B,  and  compute 
theH  matrix.  Lines  1110-1180  handle  the  input  from 
the  keyboard  of  the  estimable  functions,  matrix  K 
and  matrix  M.  Subroutine  6000-6100  tests  for  estim- 
ability.  Lines  1205-1260  calculate  the  pieces  of  equa- 
tion (17)  using  the  matrix  inversion  routine  (lines 
8500-9450)  documented  by  Rauscher  (1983a).  The 
degrees  of  freedom,  sum  of  squares,  and  mean  square 
appropriate  to  the  estimable  functions  used  is  dis- 
played by  line  1280.  The  user  is  then  routed  to  an- 
other hypothesis  test  or  prompted  to  run  another 
problem. 


APPENDIX  I.  Source  code  listing  for  program  GLMI/BAS 


10    CLEAR   500 
»TX— — 1 

:goto7oo 

I'GLMl/BAS    VERSION    09/01/81 

13  ' ************************************************** 
14-  'ANSWER    INPUT   ROUTINE 

15  P=<  256*PEEK<  16417  )+PEEK.<  16416)  )-15359 
JIF   ABS(FL)=1THEN16ELSE24 

16  m$=" " 

:PRINT@P»CHR$(  136)  J 

♦  IV— 1 

17  IN*  =  INKEY* 

:iFIN*=""THEN22 

18  IFFL=-1  AND  ASC< IN*  )>47  AND  ASC(  IN*  )<58  THEN  21 

19  IF  FL=1  AND  ASC(  IN*  )>64  AND  ASC(  IN*  X91  THEN  21 

20  GOTO    22 

21  PRINT0P»IN* 

IRETURN 

22  LX=LX+1 

:IFL<16THEN17 

23  PRINTER,"    "  i 

IF0RLX=1T025 

:next 
:gotqi6 

24  print@p»  chr*(  136)  j 

: in*=" " 
:lx=abs(fd 

SGQSUB34 

25  A*=INKEY* 

IIFA*=""THEN25 

26  IFA*=CHR*(  13  )THENPRINTCHR*<  15  )J 

SRETURN 

27  IF    A*=CHR*<  8  )THENIFIN*<>""THENPRINTA*f 

iprintchr*<  136  )jchr*<24  )» 
:in*=left*<  in*»len<  in*  )-i  ) 
ilx=lx+i 

IG0T025 

:elsegoto2s 

28  ip  a*=chr*<  24  )thenprintchr*<  29  )j 

:GOTQ24 

29  IF    FDO    AND    ASC<  A*  )>31    AND   ASC(  A*  K91    THEN    32 

30  IP    PL<0    AND    ASC(A*»=45   AND    ASC(  A*  X58   THEN    32 

31  LJOIU    25 

32  IP    LX=0    THEN    25 

33  PRINT    A*» 

:in*=in*+a* 
:lx=lx-i 

JGOT025 

34  FOR    IX  =  1TQLX-1 

SPRINT    CHR*( 136  )» 
SNEXl 

:fqrjx=itolx 

SPRINT    CHR*(24)f 

;next 

IRETURN 
%jO     ************************************ 
52  'CHANGE   VARIABLE    NAMES 
54  '//////////////// 
56  CLS 

IPRINT@448»" WHICH    COLUMN'S    NAME    WILL   BE    CHANGED?    — : 
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:fl=-2 
jggsubis 
:xj=val<  IN*  ) 

tPRINT 

:print"please  enter  new  name  — >  "? 
:fl=s 

IGOSUB15 

:n$(xj  )=in$ 

: RETURN 

10  ' ******************************************* 
l!0  'READ  SEQUENTIAL  DATA  SET  FROM  DISK 
10  '  //////////////////// 

15  CLS 

110  PRINTe448»" ENTER  FILENAME  OF  DESIRED  DATA  SET  — >  "J 

:inpui  I-* 

It)  hP*=+*+"N'N 

:L*=F$  +  "L" 

lh  •*=!■*  +  " M" 
|iO  Uh'LN   "  1"  f  l»Fh$ 

IliNPUTSlrR.C 

ILLOSL1 

J' Lit  I    K»€    VALUES 

UFI-rt    "  1"  »1  »L* 

:i-ORK=lTQC 

{ INf  U  i  *1 1  N$<  K  ) 

:nextk 

CLOSE 
!iO  UP*LN    "I" »1»F* 

♦ 
W)  f- UK  1  =  1  TOR 

:forj=itqc 

:iimpui*i  »A<  it  J  ) 

INtXLJs-I 
0  LLU'cit    I 
{10  RETURN 

fO        J.  &  'fc  ^  'p-  &  'V--  t^.  'f  a1-  t-  ^  'v-  ^  ->■>  t-  't •  'f-  *  <T-  *  &  ^^.  -iCiT-  -n  'f-  -T-  ^  -^^  ^^  ^  '*  ^'^  A  '^  'i^  ^  ^  -r-  <A  '^  'r 

)0  '  WRITE  A  SEQUENTIAL  MATRIX  TO  DISK 
0  '  ///////////////////// 
0  CLS 

:PRINlt<?44a,  "ENTER  FILENAME  OF  NEW  DATA  SET  — >  "5 
IINPUI  H* 
IP' KIN  I 

:print"enter  disk  drive  *  where  data  should  be  saved  --:: 

:  INPUT    DB* 
U.  FP$=F*+,,N;"+DB$ 

:l*=f*+"l:"+dd$ 
;p*=f*+"m;"+dd$ 

b  hUK    JU^llUC 

lib    LEN(  N$C JQ >  )=0    THEN    N4< JO  )=STR$( JQ  ) 

16  NEX1 

iO  OPEN    "0">1»FF* 

;PRINT#1»RJCJ 

: CLOSE 1 
K>  UPLN    "0"  »lfF* 

t 
* 

30  h  UK  1=1  IUR 

;i-uK.j  =  :nuL 
:printii»a<  i»j  >; 

INfc-Xl  J»l 
W  LLUbL     1 
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265  QPEH"Q"»1>L* 

:furi=itoc 

SPRINT#1»N*<  l)i"i"i 

:next 

: CLOSE 
2/0  RL1  URN 

290  REM  ********************************************* 
295  REM  SUBROUTINE  INPUT 

300  '1.   THIS  SUB  READS  FROM  THE  KEYBOARD 
305  '2.   MATRIX  A  IS  LOADED  AND  CAN  BE  SAVED  ON  DISK 
325  '6.   14-APR-79 

SS j  Kfc-fi  Jit JfC !^^)^)^)^^^)|C^)K^^^^K^^^^^^'^^K';K ^ iX lit. 5|C ^^^.^0^^^^ iic )K ^- ^ -^ ^K ^ ^ ^ ^K ^ic ^ ^K >^ 
340  CLS 

345  INPUT    "PLEASE   ENTER:    NO*    ROWS   AND    COLS   CR»C).-->    "»R»C 
350  FL=8 

IPR1NI 

jhUR  j=nuc 

IPK1N1 "ENTER   THE   NAME   FOR    VARIABLE    "iJi"    — >    " » 
IGUSUB15 

:n$<  j)=in$ 

:prini 

;nlxi 

355  CLS 

365  FU4S   1  =  1    TO    R 
3/0  PRlNi     "KUW    "»I 
6/ti  t-UR   <J  =  1    TO    C 
380  FL--12 

;PR1NI     "PLEASE    ENTER;       VALUE    OF    COLUMN    "5J"    — >    "i 

:cusub  15 

.ittti  F'RINI 

390  W  I  »J  )=VAL<  IN*  ) 

395  NLXI    .J 

400  NLXI     1 

4iO  KL  I  URN 

435  END 

440  ' ***$*********************************************** 

445  '  SUBROUTINE    VIDEO 

450'       DISPLAYS   MATRIX    A(R»C)»13   ROUS    BY    4   COLUMNS    AT    ONCE 

455  '    USES    ARROWS    IN   ALL    DIRECTIONS    TO    SEE   DIFFERENT    PAGES 

460  '    OF   DATA.       "CLEAR"    WILL   TERMINATE    DISPLAY 

J 00    '  3|t  i|^.  5|C )|C  ipL  ^C  )gC  )|t  4C  ^1  i|C  jj^  J>1  i|C  ^  J|C  )fr!  i(t  j^- i»^ ^fr-  o^-  ^-  'ft- ♦- ^K  *1^ 5|C  i|t.  i|C iyl  ifC ^fc  *f^  ^  ^  ^lt  ^K  ^**  ^K  ^K  ^  &&/fc$&)fc&>1(/|C}?Cfl()it 

510  CLS 

:iFR=0   OR    C=0    THEN   RETURN    ELSE    JJ=INT< C/4.1+1 ) 

SII=INT<R/13.1  +  1  ) 
515  1=1 

:j=i 
525  if  r-13#i>=0.0  then  n=13  else  n=13+c r-13*i  ) 

535  if  c-4*j>=0»0  then  l=4  else  l=4+<  c-4*.j  ) 

540  CLS 

: PR INT" COLt" J 

IFOR   KK=0T0<L-1  ) 

SPRINT    TAB(14*KK+3)    H'H  (  KK+1  )+4*<  J -1  ) )» 
545  NEXT    KK 

:print 

550  PRINT" 

555  FOR    M=l    TO   N 

560  PRINT    "R"  ?M+13*<  1-1  )J"  J"  J 

565  FOR    K=l    TO   L 

5/0  A=A<M+13*<  1-1  )»K+4*(  J-l  )) 

575  PRINT    TA3(  14*(K-1  )+8)    A  J 
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80  NEXT   K 

:print 

85  NEXT    M 
i86  A$=1NKEY$ 

;iFA$=""GQT05a6 
,87  IF     A3C<  A*  )=31THEN619ELSEIFASC<  A*  )=9THEN538ELSE590 
188  IF  J+l>  J  JTHENJ-1ELSEJ=J+1 
iUy  bU  I  U  525 

Wtt  iF     ASCC  A$  )=3THEN591ELSE593 
liVl  If-    J-1--:>0THENJ~JJ   ELSE   J=J-1 
WZ  btllO    525 

.93  if-     ASCC  A$  )=10THEN594ELSE596 
■y4  if-     i+l>IITHENI=lELSEI-I+l 
iy5  GUlO  525 

tf6  if-     AiilX  A$  )=91THEN597ELSE599 
.y/  if-     i-K=OTHENI  =  IIELSEI  =  I-l 
»yb  blJIU-   525 

jyy  it-     ASH  A$  )=64    THEN    600    ELSE    601 
>00  bUSUiJ    6/0 

;bU  lUtt^ta 
>01  il-     fiaH  A$  )=46    THEN    GOSUB    50    ELSE    613 
>02  bli  I  U    525 
>18  bli  I  U5b6 
iiy  Kt-IUKN 

J  END 

i22  'LINEPR INTER  OUTPUT  ROUTINE 
*23  If-  K=0  OR  C=0  THEN  RETURN 
S24  AN*-"  DATA  SET  NAME  —  >  " 

ICLS 

:PRINTe448»" PRESS    <ENTER>    WHEN    PRINTER    IS    READY."} 

:INPUT    AN 

:t*=left*<f$iLen<f$)-i  ) 

tT$=AN*+T$ 

:GOSUB420OO 

t LPRINT   TAB(ZZ)»T* 

I  LPRINT    "    " 

J  LPRINT    "     " 
630  J.J=INT<C/4.1  +  1  ) 

:iI=INT(R/200. 1+1  ) 
632  F OR  1=  1T0II 

634  IFR-2QO*I>~0.0THENN=20OELSEN=200+(R-200*I  ) 
636  FGRJ  =  1T0JJ 

638  IFL-4*.J>=Q.0THENL=4ELSE    L-4+<  C-4*J  ) 
640  LPRINT" COL;"  i 

:fukkk=oto(  l-i  ) 

ilprint  tab(14*kk+s)  n$<(kk+i  )+4*(  j-d); 

642  NEXT    KK 
644  LPR1NT"     " 

646  LPRINT" 

648  FUR    M-ITOM 

650  LP  R  INT    "  R  "  i  M+200*C  I  - 1  )  J  "  J  "  i 
652  FUR    K=1TQ    L 

654  A=A(  (1+200*-;  1-1  )»K+4*<  J-l  )  ) 
656  LPRINT    TA3<  14*-:  K-l  )+3  )    A» 
658  NEXI    K 
660  LPRINT 
662  NEXT    M 
664  LPRINT     "    " 
:  LP  P.  INI     "    " 
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:lprint  "  " 

666  NEXT   Jyl 
668  RETURN 

670  ' *********************************** 

671  'SCREEN  PRINT  ROUTINE-   ACTIVATED  BY  PROGRAMMED  "@"  ASC< 64  ) 

672  '////////////////// 

673  IF  PEEK(  14312  )<>63  THEN  RETURN 

674  LP R INT  STRING$< 64, "+" > 

675  FOR  Nl  =  15360  TO  16383  STEP  64 

676  A$="    " 

679  FOR    Q=0T063 

680  Z=PEEK<  Nl+Q  ) 
:IFZ>0ANDZ<27THENZ=Z+64ELSEIFZ<32THENZ=32 

681  IFZ>=127    AND   Z<=191    THEN   Z=42 

682  B$=CHR*<  Z ) 

683  A*=A$+B$ 

684  NEXT  fl 

685  IF    PEEK*  14312  )<>63THEN    RETURN 

686  LPRINT    "    " 

:lprint  A* 

687  NEXT   Nl 

688  LPRINT    STRINGS  64,"+"  ) 

689  FQRN=1T03 

! LPRINT    "       " 

:next 

690  RETURN 

695  run"main/ba3" 
:end 

/     \j\i  ^P  ^>  r^  ^  ^p  ^k  *f^  ^  ^^  ^^  ^^  ^p  ^^  ^^  ^^  ^fr  ^p  ^^  ^^  <^  T^  *^  *|»  '^  *^  /^N  TV  ff^  *fk  *^  J^  ^p  *^  ^^  ^p  ^p  *^  ^p  ^p  *^  J^  ^p  t^  ^^  J^  ^^  ^^  ^p  *Tl   ^.  ^^ 

710  'GENERALIZED  I/O  SUBROUTINES  FOR  PROGRAM  STARTERS 
720  '////////////////////// 

735  GLS 

:T$="NORTHERN    HARDWOODS    LABORATORY,    USPS,    MARQUETTE,    MI" 
:GQSUB4200O 

736  T$= "/////////////////////////////////////////////////////" 
:G0SUB42000 

737  PRINT 

738  T$=^"MENU   FOR:      GENERAL  LINEAR   MODEL    -   ANOVA 

739  &QSUB42000 
tPRINT 

740  IF  TX=-1  THEN  GOSUB  40000  ELSE  750 
750  TX=1 

tPRINT"  1.   RETURN  TO  MAIN  MENU  2.   GOTO  BASIC 

760  PRINT"  3.   READ  A  MATRIX  FROM  DISK  4.   URITE  A  MATRIX  TO  DISK 

770  PRINT"  5*   ENTER  A  MATRIX  MANUALLY  6.   DISPLAY  MATRIX  ON  VIDEO 

780  PRINT"  7.   PRINT  MATRIX  8.   GENERAL  LINEAR  MODEL 
900  PRINT 

t pr i nt "select  one  of  the  above  -->  "? 
:fl=-2 

IG0SUB15 

:an=val( in* j 
:ifan<=ogran>16then740 
910  on  an  gosub  695,43000,125,220,340,510,620,2000 

920  GOTO   735 

1000  '  ********************************************* 

1010  'SINGULAR    VALUE   DECOMPOSITION 

1020  'FQRSYTHE    1977    CH.9   PP. 193-235 

1030  'INPUT 

:    A<rt,N  )   WHERE. M>=N 
1040  'OUTPUT 
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:    U  CONTAINS   N    UNORDERED   SINGULAR   VALUES    OF 
050  '  U    &.   V    CONTAIN    THEMSELVES 

06O  ' //////////////////////////// 
065  HV*="TRU£" 

:MU$="TRUE" 
070  IE=0 

:ri=r 

:ci=c 

:m=r 

:n=c 

:nm=r 

jfori=itqm 

1FORJ=1TON 

:u<  i»j  )=a<  i»j> 
:nextj»i 
080  'householder  reduction  to  bidiagonal  form 

090  G=0 

ISCALE=0 

:ar=o 

100  FORI =1 TON 

:l=i+i 

:rv1<  i  )=3cale*g 

:s=o 

:scale=o 

:ifi>mthen1160 

illO  FQRK=ITOtt 

;scale=scale+abs(  lk  k»  i  )  ) 
:nextk 

:ifscale=0then1160 
1120  fork=itqm 

:U(KfI)=U(K»I  )/SCALE 
tS=S+U<K»I  )L2 

:nextk 

1130  F=U<  1,1  ) 
JSS=SGN<  F  ) 

:g=-i*ss*abs<  sqr<  s  ) ) 
:h=f*g-s 
:ik  i»i  )=f-g 
:ifi=nthen1150 
1140  fqrj=lton 
:s=o 

:fork=itqm 
;s=s+u<k»i  )*u(k»j  ) 

INEXTK 

:f=s/h 
:fork=itom 

:u<k,,j)=u\k»j)+f*u<k»i  ) 
:nextk 

:  NEXT J 
1150  FORK=ITQM 

:u<k»i  )=scale*lk  k » i ) 

:nextk 
1160  u<  i  )=scale*g 

:g^=o 

:s=o 

:scale=o 

:ifi>m0ri=nthen1230 
1170  fork=lton 

:scale=scale+a3s<  u(  i»k  )  ) 
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inextk 
jifscale=0then1230 

1180  FORK=LT0N 

IU<  I»K)=U(  I»K)/SCALE 

IS=S+U<  I»K)L2 

INEXTK 
1190  F=U<  ItL) 

ISS=SGN(F  ) 

iG=--l*SS*ABS<  SQRCS  )) 

ih=f*g-s 

iu<  I»L)=F-G 
1200  FQRK=LTON 

IRVKK)=U<  IyK  )/H 

INEXTK 

IIFI=ttTHEN1220 
1210  FORJ=LTOM 

?ftj$K=LTON 

tS=S+U(  J»K)*U<  I»K  ) 

INEXTK 

ifork=lton 

ilk  j»k  )=u<  j»k  >+s*rvk  k  ) 

INEXTK 

I NEXT J 
1220  FORK=LT0N 

ILK  I»K)=SCALE*U<  I»K) 

INEXTK 
1230  TT=ABS<  U(  I  )  )+ABS<  RVK  I  )  ) 

IIFTT>ARTHENAR=TT 
1240  NEXT  I 

1250  'FORM   THE    V   MATRIX    IF    iiy="TRUE" 
1260  IFMV$="TRUE"THENi270ELSE1350 
1270  F0RII=1T0N 

II=N+1-II 

JIFI=NTHEN1320 
1280  IFG=0THEN1310 
1290  F0RJ=LTON 

JW  J » I  )=<  U€  I »  J  )/U<  1 1 L)  )/G 

INEXTJ 
1300  FORJ=LTON 

IS=0 

IFORK=LTaiN 

IS=SfU(  IfK  >*V'.K»J  ) 

INEXTK 

IFORK=LTQN 

IV(K,J  >=VCK»J  )+S*V(K»I  ) 

INEXTK 

INEXTJ 
1310  FOKJ=LTON 

IVX  lf^)=0 

:v<  j*i  )=o 

INEXTJ 
1320  V(  If  I )  =  1.0 
IG=RVK  I) 

1330  NEXT    II 
COMPUTE 


1340 
1350 
1360 


U    IF    i1U="TRUE" 


IFMUS=" TRUE" THEN1360EL3E1 470 
MN=tt 
tIFM<NTHENtW=M 


1370  F0RII=1T0WM 

:i=MN+l-II 

IL=I+1 

IG=W<  I  ) 

IIFI=0THEN139O 
1380  FORJ=LT0N 

IU(  If  J)=0 

INEXTJ 
1390  IFG=0THEN1430 
1400  IFi=MNTHEN1420 
1410  FORJ=LT0N 

JS=0 

IFGRK=LTOM 

IS=S+U(K»I  )*LKK»J  ) 

INEXTK 

IF=<S/U(  If  I  ))/G 

IFORK^ITQM 

IU(Kf  J)=U<  KiJ  )+F*U(K»I  ) 

INEXTK 

INEXTJ 
1420  FORJ=IT0M 

IU(  Jfl  )=U<  J»I  )/G 

INEXTJ 

IGQTQ1440 
1430  FORJ-ITQM 

ILK  J*I)=0 

INEXTJ 
1440  IK  If  I  )-U<  If  I  )+l 
1450  NEXT  1 1 

1460  'DIAGONALIZATION   OF   THE   BIDIAGONAL  FOf 
1470  FGRKK=1T0N 

IK1=N-KK 

IK=K1+1 

IITS=0 
1480  F0RLL=1TQK 

IL1=K-LL 

:l=li+i 

iif(  abs(  rvk  l  )  )+ar  )=arthen1560 
1490  if(  a3s(  u(  li  )  )+ar  )=arthen1510 

1500  NEXTLL 
1510  C=4) 

IS=1 

IFQRI=LTOK 

IF=S*RV1(  I  ) 

IIF( ABS(  F  )+AR  )=ARTHEN1560 
1520  &=U(  I  ) 

IH=SQR(F*F+G*G  ) 

IU(  I  )=H 

IC=G7H 

JS=-F/H 

IIFMU-$="TRUE"THEN1530ELSE1540 
1530  f-URJ=lTQtt 

IY=U(  JfLl  ) 

IZ=0(  Jf I  ) 

IlK  JfLl  )=Y*C+Z*S 

IU<  Jfl  )=-Y*3+Z*G 

INEXTJ 
1540  NEXT  I 
1550   '  I  EST 


FOR    CONVERGENCE 


1560  Z=W( K  ) 
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;IFL=KTHEN1670 
15/0  If-iTS=30THEN1720 
1580  ITS=-ITS+1 

:x=y<i_> 

:g=rvk  ki  > 
:h=rvkk) 

:F=<  (  Y-Z  )*(  Y+Z  )+(  G-H  )*<  G+H  )  )/(  2*H*Y  ) 

:g=sqrcf*f+i ) 

!SS=SGN( F ) 

:SF=SS*ABS(G) 

:F=<  (  X-Z  )*<  X+Z  )+H*\  Y/(  FfSF  )-H  )  )/X 

:c=i 
:s~i 

15VO  HiRiI=LTOKl 

:i=ii+i 
:g=rvk  i  ) 
;y=w<  i) 
;h=S*g 

:g=c*g 

:z=sqrc  f*f+h*h ) 
:kvkii  )=z 
:c=f/z 

JS=H/Z 

:f=x*c+g*s 
;g=-x*s+g*c 
:h=y*s 
:y=y*c 

: IF  rtV$=" TRUE" THEN1600ELSEI610 
1600  HM.J=1T0M 

:x=vcj»ii  ) 

;v<  j  »ii  )=x*c+z*s 
:v<  j»d=-x*s+z*c 

:  NEXT J 
1610  Z-SQRC  F#F+H*H ) 

IM  II  )=Z 

:IFZ=OTHEN1630 
1620  C=F/Z 

:s=n/z 

1640  f-=C*G+S*Y 

:x=-s*g+c*y 

:iFMU$=-,,TRUE"THEM1640ELSE1650 
1640  f-URJ=ITQM 

:y=ik.j»ii  ) 
:z=u(  j»i  ) 

:ik  J»II  )=Y*C+Z*S 

:u<  jyi)=-Y*s+z*c 
:nexu 

1650  NEXT  1 1 
1660  RV1(L)=0 

:rvkk  >=f 
:w(K)=x 

:GOT01480 
1670  IFZ>=OTHEN17G0 
1680  U<  K>=-Z 

:IFMV$="TRUE"THEN1690ELSE1700 
1690  FQRJ-1TQN 

SV<  J»K)=-V(  JiK) 

I NEXT J 
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1700  NEXTKK 
1710  GQT01730 
1720  IE=K 
1730  RETURN 

r . s\r\ s\     /  w 4'  w  w i i' ^ 4' 4  ^ ^ ^  ^ ^ ii' i  i' i i' 4'  w i  i  i i' i' i  i  i i  i  i  i  i  ^ i  A 
^^\j\j\r      ^^^n  ^p  ^^  ^^  ^^  ^p  ^n  ^^  ^r  ^k  ^^  ^n  *^  ^p  ^n  ^n  *^  *r  *^  ^^  ^n  ^p  ^^  *^  ^n  ^n  ^p  *v~  ^n  *^  ^k  ^n  ^n  *^  ^  *^  *^ 

2010  'LINEAR   REGRESSION   CONTROL   MODULE 
2020  '  //////////////////// 
2030  CLS 

:PRINT@128»  "ENTER    VECTOR    Y(R»C)    IN    X*B=Y      UHERE    R=M    &   C=l." 

I  GO-SUB  130 

:tas=o 
:«ss=o 

JFORI=1TOR 
Ut  Irl  >=AC  1*1  ) 
:"ISS=TSS+Y<  Irl  )*Y(  I»l  ) 
:rtSS=«S5+Y(  I»l  ) 
I  NEXT  I 
2040  CLS 

:PRINT0128 CENTER   MATRIX   X(M»N>   OF    X*B=Y." 
IGOSUB130 

2042  IFF**"  XM"THEN2045ELSEF*="X" 

2043  DB*="1" 
:G0SUB222 

:n=li 

204t>  LLS 

;PRINT@45SVPLEASE   BE   PATIENT.       COMPUTATIONS    IN   PROGRESS." 
IGOSUB    1000 

;'SVD 

20t>0  IF     IEOOTHENCLS 

:PRINT@45S» "ERROR   RETURN   FROM   SUB" 

;srap 

2060  Wi^lOOOO 

;wn=o 

;hUKJ=lTQN 

UP  UK  J  )>UMTHENUM=W<  J  ) 
206t>  lb  Wt  J  )<UITHENUI=U(  J  ) 
20/0  kH  J  J=0 

;PHiNll!?448r" NUMBER   OF    SIGNIFICANT    FIGURES    IN   RAW    DATA?   — > 

lk-L=-l 

ItUblitflti 

5b=VALt  1N$  i 

;kl=o.ils 
;ira=«L*wrt 

20UO  KK=4J 

;t-UKJ=lTQN 

I  IP  UK  J )<=TAIKEN21Q0 
20V0  KK=KK+1 

;s=o 

;t-UKI=lTOM 

:b=btu^ i»j  )*Y( i»i ) 

JNLXIi 

;b=s/u(  j  ) 

IhUHl.-l  I  UN 

iiM  d=h( ju+s*v<  It  J) 

iNLXfl 

IbVt  J  )=<.  1/UK  J  )  )L2 
2100  NtXIJ 
2102  it-  KtKN'f'HENBC  N+6  )=-lELSEB(  N+6  )=UI 
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104  Bi  N+4  )=RE 
:b<n+7  )=MSS/tt 

.110  ES3=0 

:t-URI=lT0M 

:ri=o 

:ki=ri+b<j  )*A(  i»j  ) 

:  NEXT J 

:e3s=ess+<ri-Y';  iii  )>C2 

:  NEXT  I 
120  M3S=M*(MSS/M)C2 

:SE=SQRCESS/(rt-RR  )  ) 

130  rss=tss-ess 
:kmss=rss-mss 
s i mss=tss-mss 

:if-A<  1»1  )=1ANDA<  INTCN/2)tl  )=1ANIiA(N>1  )=1THENHEAN*="  TRUE"ELSEMEAN*="FALSE" 

lb\>  RK=KK+1 

It  K=<  RSS/RR  )/(  ESS/C  M-RR  )  ) 

:un=rr 

;uu=m-rr 

iggsubioooq 

:A6=KR 

:a3=rss/rr 

:a?=fr 

:zi=i-b 

:Z2=ti 

:z3=iss 

JUUIU2220 

1/0  LL3 

:frint@443»" include  term  for  mean  in  anqva?  <  y/n  )  — >  "j 

:fl=i 

iGtiauBi^ 

ilFiN*~"Y" 1HENFM$=" TRUE "ELSEFM*=" FALSE" 
L1BO  Ihk-tt$="f-AL3E"THEN2200 
1190  A  1=1 

:A2=«3S 

;fta=«b3 

ii-  k=nssa  ess/(  m-rr  ) ) 
:a4=fr 

lUN^l 

:dd=«-rr 

iGOSUBlOOOO 
;Ab=hB 

;a6==rr-i 

;A7=RhSS 
;A8=RM5S/<  RR-1  ) 
tFR=A8/<ESS/<M-RR)  ) 

;a9=fr 

5DN=8R~1 

:dd=«-rr 
;gqsuh ioooo 

;£1=FB 

:z2=tt 
:z3=Tbs 
:uu  IUZ220 

«HW    ft-6=RK--l 
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:A7=RH3S 
;A8=KrtSS/<  RR-1  ) 

;  a9=as/<  ess/c  m-rr  )  ) 

:fr=a? 

;ihn=rr-i 

:dd=h-rr 

igusubioooo 

:z2=m-i 
:z3=tmss 
2210  ■'  angva  table  display 

2220  CLS 

tPR I MT@ 10 » "REGRESSION   ANALYSIS    OF    VARIANCE    TABLE" 
2230  PRINT0128*  "SOURCE"  »TABC7  )"DF"  »TAB<  15)"SS"»TABC  28  >"MS"  JTABC  43  )"F"  5TABC  50  )"PR( 
BABILITY" 

2240  PRINTtfl92»" " 

2250  IFFM*~"TRUE"THEN2260ELSE227G 

2260  PRINT  "  MEAN"  i T AB<  6  )A1  i  TABC  12  )A25  TABC  25  )A3 » T  ABC  40  )A4  J  TABC  53  ) » OSI NG"  #  .  ##**"  i  A5 

2270  P  R  INT  "  MODEL"  i  T  AB(  6  )A6  i  TABC  12  )A7 » T  ABC  25  )A8 » T  ABC  40  )A?  i  TABC  53  ) }  US  I  NG"  #  *  #***"  »Z1 

2280  PRINT"  ERROR"  JTABC  6  )M-RR>TABC  12  )ESS»TAB<  25  )ESS/C  M-RR  ) 

2290  PRINT" " 

2300  PRINT"T0TAL"rfAB<6)Z2JTABC  12)Z3 
2305  PRINT 

:PRINT"MEAN   OP    RESPONSE    VARIABLE    Y    =    "BCN+7) 
2310  PRINT  "STD.DEV.    OF    ERROR=    "SQRC  ESS/C  M-RR  )  )i  "       C.V*    OF    Y   =    "  JUSING"###  .*"  H  <  S( 
RtESS/C  M-RR  )  >  )/B<  N+7  )  )*100 

SIFMEAM$=" TRUE" THENR2=RMSS/TMSSELSER2=RSS/TSS 
2312  PRINT'1  MULTIPLE   CORRELATION    COEFFICIENT    C  R**2  )    =    "  »R2 
2345  A*=INKEY$ 

IIPA*-=""THEN2345 
2350   GOSUB44000 

2360  IFFM-H*-" TRUE" THENB$=" WITHOUT" ELSEB$=" WITH" 
2370  CLS 

:pRINTtf448»"WANT    TO  VIEW    THE    ANGVA    "B*"    THE    MEAN?    C Y/N  )    — >    "J 

JPL-1 

:gqsubi5 

;ifin^"n"  th£n23a0elseifini-="y"andb*  =  "uith"thenfm$="true" 

iGUIU2I?0 

;LLSEFM'i="  FALSE" 

IGQT02200 
23*0   lt-rtLANifc-"  TRUE"THENBC  N+2  )=1ELSEBC  N+2  )=2 
2390  CLS 

;PK1NH*448*" SAVING    THE    COEFFICIENT    MATRIX    "B"    TO   DISK." 
240O  BC  N+U  )=N 

:B<  N+l  )=ESS/CM-RR) 

IBC  N+3  )=RR 

IFUHl-llQN+a 

JA^If  1  >=BC  I  ) 

I  NEXT  I 

IN'-fcCl  )  =  "1" 

:ff$="bn:i" 
:L:t="BL:i" 
:p*="  bm:i" 

;R=N+8 

:c:=i 

:GUSUB225 
2402   LLS 

IPRINT0448*  "COMPUTING    INVERSE*  X"'  X  )    AND    SAVING    IT    TO   DISK." 
2405  FGRI=1TQN 
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:n-*(i  )=str*c  i  ) 

'NtXTI 

I 'SET    COLUMN   LABELS  CORRECTLY 
•10  FORT=1TON 
;FQRJ=1T0N 

JUC  I»J  )=SV(  I)*W  J»I) 
iN£XT  J  » I 

;fori=iton 
;forj=itqn 
:aci>j  )=o 

iFQfiK=lTQN 

iACI»J  )=AC  I»J  )+V<  I>K)#tKKtJ  ) 

SNeXTKrJi-I 

:g-*="XPXI" 

;Dilit="l" 
iR=Cl 

;c=gi 

;&QSUB222 

:45tftk&Te448i"CARE   TO   <S>EE   OR  <P>RINT    THE    X'X-1    MATRIX   OR    " 
JPRINT"<OQNTINUE?    ~>    "i 

:fl=i 

1GOSUB15 

:IFIN*  =  "C"  THEN2420ELSEIFINi^"S"TH£NG0SliB440ELSEIFIM-i  =  "P"THENG0SUB620 
H6  GOT  024 15 
Ittfr  RU+PGLM2/BAS" 
i30  END 

3010  'SUBROUTINE      FPROB 
3040  '  INPUT 

i   FR=R    RATIO     DN=NUMERATOR    DF      DD=DENOMINATOR   DF 
3050  'OUTPUT 

J    FB=   PROBABILITY   OF   F 
3060   •'  ////////////////////// 
&065  X*=l 

i I FFR<1 THEN 10080 
3070    S*=DN 

JT#=DD 

:zz*=fr 

tGGT010O9O 
0080  S*=BD 

:t*=dn 

iZZ#=l/FR 
Q090    .J5=2/9/S4 

:K5=2/9/T* 

;Z*=K5*ZZ#E'2/3)+,]5 

:GOSUB  10500 

;Y#=ABSv  (  1-K5  )*ZZ*iI<  1/3  )-lrJ5  )/Z3# 

:iFT*<4THEN10110 
010O   X*=.5/<  1+Y#*4  .196354+YS*<  *  ii5194iY#*C  .000344+Y**«019527  ))))C4 

:X*=INTCX#*10000-r.5)/10000 

:gotoioi20 

0110  Y*=Y#*t  If  v0a*Y#L4/T*lI3  ) 

IGOTOIOIOO 
0120    IFF*>1THEN10140 
0130  X#=l-X* 
014O    FB=1-X* 
0150   RETURN 
0500    Z3*=SQRC  Z*  ) 

:Z34=<  Z3*+Z#/Z3#  1/2 
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:Z3*=<  Z3*+Z#/Z3*  )/2 

IRETURN 
40000   M=50 

SN=25 

:DIM  N<JiCN)rA(MiN)»l<KN)»U(M»N  >>V(N»N  >»RVK  W)»  Ytrtrl  )»B(  N+8)-fSV(N> 
40015  MV=-99.99 
40020  RETURN 
42000  CC=L£N(T*  > 

:ZZ=INT<  30-CC/2  ) 

:print  tab<zz>jt$ 

:  RET URN 

y CENTERING  ROUTINE 
43000  END 
44000  A*=INKEY$ 

UFA$=" " THEN44000ELSEIFASCC  A*  )=64  THENG0SUB670 
44010  RETURN 

APPENDIX  II.  Source  code  listing  for  program  GLM2/BAS 

10   CLEAR   500 
*TX=— 1 

:gotoio41 

!'glm2/bas    version  10-29-80 

x  w      ^^  ^p  ^p^  ^p  ^p  ^^  *^  ^p  ^p  ^p  *^  ^p  ^p  ^p  ^p*  ^p  ^p  ^p  ^p  ^p  ^p  ^p  ^p>  ^p;  ^p  ^p  ^p-  ^p  ^p  ^p  ^p  ^p  ^p  ^p  ^p  *^  ^p  ^p  ^p  ^p  ^p>  ^p  ^p  ^p  ^p>  ^p  ^^  ^p  ^p 

14  'ANSUER    INPUT   ROUTINE 

15  P=<  256*PEEK<  16417  )+PEEK(  16416  )  )-15359 

UF    ABS(FL)=1THEN16ELSE24 

16  IN*=UU 

:print@p,chr$(  136  >j 
:lx=i 

17  IN*=INKEY$ 

.:iFIN*=""THEN22 

18  IFFL=-1    AND   ASC(  IN$  )>47    AND    ASC(  IN$  X58    THEN    21 

19  IF    FL=1    AND    ASC<  IN$  )>64    AND    ASC<  IN$  )<91    THEN    21 

20  GOTO  22 

21  PRINT@PrIN* 

:  RETURN 

22  LX=LX  +  1 

:iFL<16THEN17 

23  PRINTeP,"    "J 

:F0RLX=1T025 

:next 

IG0T016 

24  PRINTER*    CHR$(  136)  J 

:IN$="" 

:lx=abs(fd 

?G0SUB34 

25  A*=INKEY$ 

:IFA$=""THEN25 

26  IFA$=CHR$<  13)THENPRINTCHR$(  15)5 

:  RETURN 

27  IF    A$=CHR$(8)THENIFIN$<>""THENPRINTA$; 

:PRINTCHR*(  136  )JCHR$<  24  )J 

:IN$=LEFT$(  IN*»l.ENCIN*)-l  ) 

JLX=LX+1 

:GOT025 

:ELSEGQT028 

28  IFA*=CHR$<-24  )T-HENPRINTt:HR*<  29  )  i 

:GOT024 
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?  if  fl: 

>o 

AND 

ASCC 

A*  » 

y  IF   FL- 

:o 

AND 

ASCC A*  » 

1  GOTO    25 

Z  IF    LX= 

=0 

THEN 

25 

5  PRINT 

a$; 

:in*= 

=IN$+A* 

:lx=i 

^x- 

-1 

3  J.    AND    ASC<  AS  K91    THFN   32 
=45    AND    ASC(  A$  X58    THEN    32 


{GOT025 
4- FOR    IX=1T0LX-1 

{PRINT    CHR*(  136  )J 

{NEXT 

5F0RJX-1T0LX 

J  PRINT    CHR*<24  )? 

{NEXT 

{RETURN 
0  ' I*********************************** 
2  'CHANGE    VARIABLE    NAMES 
4  '////////////// 
6  CLS 

:print(ih48tmuhich  column's  name  will  be  changed?  --> 

:fl=-2 

:gosubi5 

:xj=val(  IN*  ) 

{PRINT 

{PRINT "PLEASE    ENTER   NEW   NAME    -->    "J 

JFL=8 

{G0SUB15 

{N*(XJ  )=IN$ 

{RETURN 

00  '******************************************* 
10  'READ  SEQUENTIAL    DATA   SET   FROM   DISK 
20  '////////////////// 
25  CLS 
30  PRINT@448»"ENTER    FILENAME    OF    DESIRED    DATA    SET    — >    "? 

{INPUT   F$ 
35  FF*=F*  +  "N" 

{L*=F$  +  "L" 

IF*=F$  +  "M" 
40  QPEH   "I"  »1»FF* 

{INPUT#1»R»C 

{CLOSEl 

{'GET    R»C    VALUES 

45  OPEN    "I'SlfL$ 
{F0RK=1T0C 
JINPUT#1,N*<K ) 
{NEXTK 

46  CLOSE 

50  OPEN  "I",1»F* 

t 

.60  F0RI=1T0R 

{FORJ=1TOC 

;INPUT#1»A(  I»J  ) 

{NEXTJ*I 
170  CLOSE    I 
>80  RETURN 

190  '*********************************************** 
200  '   WRITE    A  SEQUENTIAL   MATRIX    TO   DISK 
>10  '////////////////////// 
220  CLS 

{PR INTG»448," ENTER   FILENAME    OF    NEW   DATA   SET    — >    "  i 

{INPUT   F$ 

{PRINT 

{PRINT" ENTER    BISK    DRIVE    #   WHERE    DATA   SHOULD    BE    SAVED 
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:  INPUT   DD* 
222  FF*=F*  +  "N:"+DD* 

:l*=f*+"l:"+dd$ 
jf*=f*+"m:"+dd$ 

225  FOR  JQ=1T0C 

:IF   LEN(  mi  JQ  )  )=0   THEN    N$<  JQ  >=STR*<  JQ  ) 

226  NEXT 

230  OPEN    "0" »i»FF* 

:print#i»R5c; 

:  CLOSE I 
240  OPEN   "OMiF* 


:forj=itoc 

{PRINT*1»A<  I>J  >i 

:nextj»i 

260  CLOSE    1 

265  0PENnO"  *1>L* 

:fori=itqc 
:print#i»n*<  i  >»"  fn* 
:next 

tCLOSE 
270  RETURN 

290  REM    ^♦^^^♦^^^♦♦^♦^'it^)|c^)k!K^^'T'^'i>^^^^^^^^^^*^^^H(^^^^^^^^5jc)|(iK 
295  REM  SUBROUTINE    INPUT 

300  '1.       THIS   SUB   READS   FROM   THE    KEYBOARD 
305  '2.      MATRIX   A    IS   LOADED   AND    CAN    BE   SAVED   ON   DISK 
325    '6.       14-APR-79 

33 j  RE.  ri   *fc)fc)k*^^^!fc^)K^)fc)fc'fc*****)fc&&&'fc)k 
340  CLS 

345  INPUT  "PLEASE  ENTER;  NO.  ROUS  AND  COLS  CR>C)*-~ >  "7R7C 
350  FL=8 

I  PR I NT 

IFOR    J=1TQC 

:printmenter   THE   NAME   FOR   VARIABLE    "JJ»"    — >    "5 

:gosubi5 
:n$<  j)=in$ 
:print 
:next 

355  CLS 

365  FOR  1  =  1  TO  R 
370  PRINT  "ROW  "JI 
375  FOR  J^l  TO  C 
380  FL--12 

tPRINT  "PLEASE  ENTER:   VALUE  OF  COLUMN  "  »  J"  -->  "i 

JGOSUB  15 
385  PRINT 

390  A(  If  J  )=VAL(  IN*  ) 
395  NEXT  ..I 
400  NEXT  I 
430  RETURN 
435  END 

445  '         SUBROUTINE  VIDEO 

450'  DISPLAYS  MATRIX  A(R>C>»13  ROUS  BY  4  COLUMNS  AT  ONCE 
455  '  USES  ARROWS  IN  ALL  DIRECTIONS  TO  SEE  DIFFERENT  PAGES 
460  '  OF  DATA.   "CLEAR"  WILL  TERMINATE  DISPLAY 

510  CLS 

:iFR=0   OR   C=0   THEN   RETURN   ELSE    J.J=INT(  C/4. 1  +  1  ) 

:iI  =  INT(R/13.1+l  ) 
515  1=^1 

:j=i 

24 


25  IF   R-13*I>=0»0   THEN   N=13   ELSE    N=13+< R-13*I ) 

35  IF    C-4*J>=0.0    THEN    L=4    ELSE    L=4+( C-4*J  ) 

40  CLS 

:pkint"cql:"; 
:for  kk=oto(l-i  ) 

{PRINT    TAB(14*KK+8)   N*<  (  KK+1  )+4*<  J-l  )  )» 
45  NEXT   KK 

:print 

,50  PRINT" 

i55  FOR    M=l    TO    N 

,60  PRINT    "R"  JM+13*<  1-1  )»"  I"  > 

,65  FOR  K— 1    TO    L 

i70  A=A<H+13*(  1-1  >>K+4*<  J-l  )) 

i75  PRINT    TAB(  14*<K-1  )+8  )    AJ 

180  NEXT   K 

IPRINT 
85  NEXT  M 
,86  Afc^INKEY* 

:IFA$=""G0TG586 
87  IF    ASC(A$  >=31THEN619ELSEIFA3C<  A$ >=9THEN588ELSE590 
,88  IFJ+1>JJTHENJ=1ELSEJ=J+1 

89  GOTO   525 

90  IF    ASCC At  )=8THEN591ELSE593 

91  IF    J-K=OTHENJ=JJ    ELSE    J=J-1 
i92  GOTO  52.5 

93  IF    ASCCA$  )=10THEN594ELSE596 
,94  IF    I+1>IITHENI=1EL5EI~I+1 
•95  GOTO  525 

96  IF    ASC( A$  >=91THEN597ELSE599 

97  IF    I-K=OTHENI  =  IIELSEI  =  I-l 

98  GOTO  525 

99  IF  A3CX  At  )=64  THEN  600  ELSE  601 

00  GOSUB  670 
JG0TG525 

01  IF  ASC(A$)=46  THEN  GOSUB  50  ELSE  613 

02  GOTO   525 

18  G0T0586 

19  RETURN 
{END 

O  A        /    ^  ii'   '.t  d'  ^   1-  X  1  X   1   A  1  *  >i'  i  a    1   1   i-  d-  1  i  vL-  A  4'  d   1'  !■  i  1   1  X  1  a-  1  4  1  1  1  d'  ^'  1'   1  i   4   1  X    1  ■!  4 

22  'LINEPRINTER  OUTPUT  ROUTINE 

23  IF  R=0  OR  C=0  THEN  RETURN 

24  AN'I="DATA  SET  NAME  — >  " 

*n  s 

}print@448» "press  <enter>  when  printer  is  ready* " » 

i input  an 

:t*=left$<  f$»len(  f*  >-i  > 

JT$=AN$+T* 

{G0SUB42000 

JLPRINT    TABCZZ  )?T$ 

:l PRINT   "    " 

tLPRINT    "    " 
30  JJ=INT(C/4.1+1  ) 

JII=INT(R/200*1+1 ) 
32  FORI  =  1TOII 

34  IFR-2O0*I>=0.0THENN=70OELSEN=20O+(R-200*i  ) 
36  FnRJ=J.TO.JJ 

38  IFO4*J>=0,0THENL=4ELSE   L=4+C C-4*J  ) 
40  l.PRINT"COL{"  9 

{F0RKK=OTO<  L-l  ) 

JLPRINT    TAB<14*KK+8)    N*(  (  KK  +  1  >+4*<  J-l  ) ) i 
42  NEXT    KK 
44  LP R I NT"    " 
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646  LPRINf  " 

64fl  FOR    M=iTON 

650  L PRINT    "R"  5rt+200*';  I-i  )t"  I"  5 

652  FOR  K=1TQ    L 

654  A~A<  rtf20O*\  1-1  )»K  +  4*>  J-l  )  ) 

656  i-  PR  I  NT    TA3(  14*<  K-l  )+8 )   A5 

658  NEXT   K 

660  LP  PINT 

662  NEXT    M 

^64  LPRINT    "    " 

tL PRINT    "    " 

i LPRINT    "    " 
666  NEXT    J  9 1 
668  RETURN 

■   -»  ■->        .'    i>  ■   - 1  -     i    a .  ^    ^    ^   4"  "A'  \t   1  ^  ^  ^  vX  'A'  ^  ^  X-  ^  ^'  ^'  ^-  >A-  ^  vL    ^  1^  ^-  ^L -X    -J.   A  vj.    vL 

671  SCREEN   PRINT    ROUTINE-      ACTIVATED   BY   PROGRAMMED    "0"    ASC( 64 ) 

672  ' ////////////////////// 

673  IP  PEEKC  14312  K>63  THEN  RETURN 

674  LPRINT  STRINGS  64,  "+"  ) 

675  FOR  N=  15360  TO  16383  STEP  64 

676  Ai""  " 

67?  FOR  Q  =  0T063 
630  Z=PEEK<  N+Q  ) 

:JPZ>0ANDZ<27THENZ=Z+64ELSEIPZ<32THENZ=32 

681  IFZ>=127    AND    Z<=191    THEN   Z=42 

682  £$  =  CHR$(  Z  ) 

683  AJ-At  +  B* 

634  NFXT  Q 

635  IF    PEEK( 14312  )<>63THEN   RETURN 
686  LPRINT    "    " 

: LPRINT    A$ 
637  NEXT   N 
683  LPRINT    STRING**  64  ,  "  +"  ) 

689  F0RN=1T03 

:  I  PRINT    "       " 
;NEXT 

690  RP  fURN 

1 000    ' ******************************************* 

J  010   'ANOUA    TESTS    OF    HYPOTHESES 

1020    'INPUT    REQUIRED    IS   XPXI»B>YiX    FROM    DISK 

1030   •' 

J  0  4  0      /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  / 

1041   CLS 

: PR INTe458* "READING  THE  X  MATRIX  FROM  DISK." 
1045  G03U3  40000 

: '  DIMENSIONING  ROUTINE 
1070  F*="X" 

:GOSU3I35 

I -READ    X   FROM    DISK 
1075  FDR  1  =  1  TON 

:x$<  i  )*n$<  i ) 

:nexti 

p' create  guide  for  design  matrix 

1078  CLS 

:PRINT@458y "COMPUTING    THE    X' X    MATRIX." 
1030  FOR 1=1 TOG 

:forj=itoc 
;xpx(  i  ,j  >=o 
:fork=jtor 

:XPX<  l7.J-;-XPX(.I,J  )+A(K»I  )*A(  K»J) 
•JNEXT'KjuJVI 

: ' COMPUTE    XPX    MATRIX-NOTE    X' — >A< K» I  ) 
1035  R=C 
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:fori*itoc 
:forj*itoc 
:a<  i»j  >=xpx<  i»j) 

INFXTJiI 

:n.s 

:print@448f "saving  xpx  matrix  to  disk." 

:f*s,,xpx" 

ir:::;'-t="i" 

JG0SUB222 
i?0  CLS 

{PRINTB*48f "DISPLAY   THE    XPX    MATRIX?    ( Y/N  )    — >    " i 

JGQSU315 

n:f:i:n*="N"THeniiio 

00  G0SU3440 
10  CI  S 

:PRINT(3448j  "PRINT  THE  XPX  MATRIX?  (Y/N)  -->  "5 

:fd=i 
rcosuBis 

:  I F IN$  =  " N" THEN  1 1 15ELSEF*- " XPX    " 
JGOSU3620 
il 5  CLS 

iPRINT@448ar"  COMPUTE    TYPE    I    ESTIMABLE    FUNCTIONS?    (Y/N)    — >    " ', 

:fl=i 

JGOSU315 
:IFIN**"N,,THEN1190 

120  CLS 

JPRINTG448* "COMPUTING    THE    TYPE-I    ESTIMABLE    FUNCTIONS." 
L30   F0RI"1TCJC 

:FOR,l  =  iTOC 

IA(  I  ■>•}  )=0 

:e<  i»j  )=o 

JNFXTJ»I 

t'SET   ApB   TO   ZERO 
40  F0RJ=1T0C 

:a(  i»j  >=xpx<  i» j  ) 

tB<  If  J  >=A<  If. J  )/A<  If  I  ) 
JNEXTJ 
150  F0RK=2T0C 
tFORJ-KTOC 

:suh=o 

JFORL=:lTOK-l 

ISlJM-SUH+AiLfK  >*B<  LfJ  ) 

JNFXTL 

:A(  Kf  J)=XPX(Kk  J)-S'JM 

:iFABS<  A<  Kf  J  )  K1*0E-5THENA<  K*J  )=0 
L55  MEXTJ 

tFORJ=KT0C 

t  IFA<  K  f  K  )<>OTHFNB(  K  f  J  )=A(  K  ?  J  )/A<  K  f  K  )ELSE  1 153 
156  NEXT  J 
58  NEXTK 
60  R"=C 

;FnRi=iToc 

;for..i  =  itoc 

*A(  I  j.J  )~B(  I  yJ  ) 

tNFXTJfl 

IG03U3510 
70  CLS 

;pRINT(?448f"B0    YOU    UISH    TO    PRINT    THE    ESTIMABLE    FUNCTIONS?    (Y/N)    -- >    "5 

IFL=I 

IGOSUB15 

:iFIN*«"N"THENli90 
30  F$=" ESTIMABLE    FUNCTIONS    " 

IG03UB622 
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1190  RUN"'GLM3/BAS" 

40000    r'r-Dv") 

:n=35 

;rilri    N*<  N  >»A<  i*WN  )»X(  MiN  )»B<  M»N  )»XPX(  M,N  )»X*<  N  ) 
40015   MV=-99.99 
40070    RETURN 
47000    F,C=L.EN<  T*  ) 

iZZ=INT< 30-CC/2  ) 

;  PR  INT    TAB<ZZ)JT* 

:  RETURN 

t' CENTERING   ROUTINE 
43000   END 
44000   A* = IN KEY* 

tIFA*=" "THEN44000ELSEIFASC< A*  )=64THENG0SUB670 

44010    RETURN 


APPENDIX  III.  Source  code  listing  for  program  GLM3/BAS 

5  'CHANGED  THE  ORDER  OF  ON  ERROR  IN  STATEMENT  9020-9051 
10  CLEAR  500 

» TX— — 1 

IG0T0I041 

:'GLM3/BA3    VERSION    12-18-81 

13  '  *K  *  *  J|C  *  *  3|C  })C  3|C  !|C  )K  V  ^  n^  $  3K  ^m  3K4C  nC  )jC  Jf.  3fC3fC3|C  )fC  )£&)fc)fc!fc&)&^^&&T^**'fc****^^'fc- 

14  'ANSWER    INPUT    ROUTINE 

15  P=(  256*PEEK<  16417  >+PEEK<  16416  )  )-15359 

I  IF    ABSC FL  )=1THEN1 6ELSE24 

16  IN*-"" 

JPRINT(?P»CHR$<  136  )J 
tLX=l 

17  IN*»INKEY* 

:IFIN$=""THEN22 

18  IFFL--1  AND  ASC(  IN$  »47  AND  ASC(  IN*  )<58  THEN  21 

19  IF  FL=1  AND  ASC<  IN*  »64  AND  ASC(  IN*  X91  THEN  21 

2?  FRIRtS?»in* 

:  RETURN 

22  LX=LX+1 

:IFL<16THENI7 

23  PRINT£?P»"    "  5 

iF0RLX=lT025 
{NEXT 
{GOTO 16 

24  PRINT(?Pi    CHR*<  136  )» 

tl...X=AB8(FL  ) 

:cnsuD34 

25  A*=INKEY* 

tIFA*=""THEN25 

26  IFA$~CHR*<  13  )THENPRINTCHR*(  15)5 

I  RETURN 

27  IF    A*=CHR*< 8  )THENIFIN*<>" "THENPRINTA* i 

}PRINTCHR*<  136  )JCHR*<  24  )J 
tIN*=LEFT*<  IN*»LEN(  IN*  )-l  ) 

:lx=lx+i 

5GOT025 
tELSEG0T028 

28  IFA*=CHR*<  24  )THENPRINTCHR*<  29  )  J 

IG0T024 
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9  IF   FL>0   AND    ASC(A$»31    AND   ASC(  A$  X91    THEN    32 
|0   IF    FL<0    AND    ASC(  A*  »=45    AND    ASC<  A$  K58    THEN    32 

1  GOTO    25 

2  IF   LX=0   THEN   25 

3  PRINT    A*  5 

HN$=IN$+AS 

ilx-lx-j. 

{GQT025 

4  FOR    JX=1T0LX-1 

tPF<INT    CHR$<136)> 

{NEXT 

IFORJX=lTOLX 

i PR I NT  CHR*<24)> 

tNEXT 

i RETURN 

10  'READ  SEQUENTIAL  DATA  SET  FROM  DISK 
2  0  '  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  / 

25  CIS 

30  PRINT(?448»  "ENTER  FILENAME  OF  DESIRED  DATA  SET  — >  "f 

: INPUT  F$ 
35  FF$=F*+"N" 

JL**F*+UL" 

:f$=e*+"M" 

40  OPEN    "I"  ,1,FF* 
{ INPUT*! »R»C 
: CLOSE! 
{'GET   Rs-C   VALUES 

45  OPEN    "I"  »1»L$ 

:fork=itoc 
sinput#1»n*(k  ) 

:nextk 

46  CI  USE 

50  OPEN    "IM,F$ 

♦ 

60  FOR  I -J  TOR 
tFORJ=:I.TOC 
t INPUT* J  »Av  I, J  ) 

:nextj»i 

170  CLOSE    1 
I  BO  RETURN 

?00   '    WRITE    A   SEQUENTIAL   MATRIX    TO   DISK 

i  i  o  '  / / / / / / / / / / / / / /////// 

£!20  CIS 

JPRINT@448i  "ENTER  FILENAME  OF  NEld  DATA  SET  — >  "  r 

: INPUT  F$ 

: PR INT 

I PR I NT "ENTER    DISK   DRIVE    #   WHERE    DATA  SHOULD  BE   SAVED   — > 

t INPUT    KM 
?22  FF**F*+,,N{"+D-D* 

tL**F*+,,LS"+DD* 

IF*aF*+,,MJM+DM 

225  FOR    JQ=3.TOC 

J  IF    LEN(  N$<  JQ  )  )=0    THEN    N$<  J&  )=STR4<  JQ  > 

226  NEXT 

230  OPEN    "0" >1»FF* 

tPR.TNT#l»R}Ci 

:  CLOSE I 
240  OPEN    "0" ,1,F* 


50  FOR  1  =  1  TOR 

:forj  =  itqc 

JPRINT#.1.»A(  I»J  )i 
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JNEXTJ»I 
260  CLOSE    1 
265  0PEN"O" vi»L* 

£FORI  =  :i  TOC 

tPRINT#l»N*<  I  )i" »" i 

snext 

jci  osf 

270  RETURN 
920  GOTO    735 


:i  ooo 

J  020 


'?■  ■T-'(t-'f'  *  3jt  V  *  *  T*  )|*5|C3|i  *p>  ^  5ft  J(t  J^  *|t. J^,  J|L J(t  J(L J^.  ?|C 3ft. J|L j|w 3H< i|L J|t- 3|t 3^ J|L J^ 3^ ^. ^. ^ ^L ^  ^i 9> 

'ANOVA  TESTS  OF  HYPOTHESES 
1020   INPUT  REQUIRED  IS  XPXIiBiYrX  FROM  DISK 
1030  ' 

1040  ' //////////////////// 

1041  CLS 

JPRINT(?458»  "READING  THE  G  AND  XPX  MATRICES  FROM-  DISK." 
1045  GOSUB  40000 

t' DIMENSIONING  ROUTINE 
1050  F*~"XPXI" 

JGQSUB135 

y  READ    XPX I    FROM  DISK 
1060  FORI  =  1TOR 

:forj=itoc 
:g<  i»j  >=a«  i»j) 

{"NEXTJ»I 

1070  F$  =  "XPX" 

{GOSUB  135 

t'READ    X   FROM  DISK 
1075  N=C 

:ca=c 
:fori=iton 


\mi 


=N$<  I  ) 


t' CREATE  GUIDE  FOR  DESIGN  MATRIX 
1035  CLS 

;  PR I NT0458, "COMPUTING  THE  H  MATRIX." 
1090  FOR 1=1 TOC 

:for.j=itoc 
:h(  i»j  )=o 
:fork=i.toc 

:H(  I  ,.J  )--=H<  I  r.J  )4G<  I  »K  )*A(  KrJ  ) 

SNEXTKrJrl 

y COMPUTE   THE   H    MATRIX 
1095  CLS 

:PRINT@45&f" READING    THE    B   MATRIX   FPvOtt  DISK." 
1100  F$="B" 

JG0SUB135 

{N~A(R»1  ) 

:fori=iton 
:b<  i  >=a(  i»i  > 

JNEXTI 

:3IG=A(N+1»1  ) 

{'READ    THE    B   MATRIX   FROM  DISK 
1110  CLS 

{PRINT" CREATE    THE    TEST    MATRIX    ( K  )    OF      K' B=tT 

t PR I NT 

1120  N=C8 

: FOR 1=1 TON 

:print"enter  the  design  value  for  "x*<i>"  — > 
:fl=-8 

:  GOSUB  15 

JK<  It  J  )=VAL(  IN*  ) 

: PR I NT 
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J NEXT I 

I  PRINT 

t PR I NT" ANOTHER  DESIGN  COLUMN?  <  Y/N  >  — >  " r 

tFL-=I 

IG0SUB15 
130   IFIN*="Y"THEN1140ELSEil60 
140   J=J+1 

:il-..K=NTHEN1120ELSEPRINT"SORRY.    NO   MORE    DEGREES   Of    FREEDOM  REMAINING. 
150  A*=INKEY* 

:IFA*="" THEN! 150 
|l60  JJ--J 

:cls 

jprint"  create  the  matrix  m  of  k'b=m" 

tPRINT 
1165  F0RI=1T0N 
:m<  I  >=0 
JNEXTI 

:' initiate  m  as  the  null  vector 
170  print"  is  m  the  null  vector?  vy/n)  — >  "j 
:fl=i 
:gosusi5 

tIF:i:N$="N"THEN1180ELSE1190 
180  FQRI=1T0JJ 

iPRINT"ENTER    m    VALUE   FOR    CONTRAST    *    "I"    — >    "J 

:fl=-4 

IGQSUB15 

:h(  i  )=val(  in*  ) 

tPRINT 
JNEXTI 
190  GD  SUB  6000 

{'CHECK    FOR    ESTIMABILITY 
il95  IFTX--1THEN111Q 
200  CLS 

JPRINT§44Bi "PLEASE    BE    PATIENT.       COMPUTING    SUMS    OF    SQUARES." 
205  FOR  1  =  1  TON 
IKBv  I  )=0 
:  NEXT I 
1210  FORJ=:lT0J.J 

jfori=iton 

jkb<  j  )»kb<  j  )+k(  1 1 j  )*b<  i  > 

JNEXTI'iJ 
1220  FOR  1=1  TO  J  J 

:KB(  I  )™KB<  I  )-M(  I  ) 

JNEXTI 

l'K'B-M    NOW    IN    KB<  .  ) 
^230  FORI=1TON 

:for.j=itqj.j 
:t<  ivj  )==o 
:fork=itqn 

J!'   I, J  )=T<  I  » J  )+G<  I  iK  )*K<  K»J  ) 

:nextk»j»i 
jf0ri=1tqjj 

tFORJ=lTQJJ 

:a(  i»j  )=o 

:fork=itqn 

:ac  j,j  )~m  i»j  )+k(k»i  )*t<  k»j  ) 

jnextk»j»i 

;'     k'gk  computed  a3  a 

1235  FOR  1=1  TON 

:forj=iton 

IIFABSC  A<  I>J  >  )<1E-6THENA(  I  »J  )=0 

1236  NEXTJ»I 
1240   'BD$="1" 

tF$=!,KPGK" 
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:c=jj 
:fgri=itqjj 

!N$<  I  )=STR*<  I  ) 

:  NEXT I 

:G0SUB222 

I 'SAVE    K'GK    ON    DISK    #1 
1250  IFJJ-1THENA<  1»1  )=1/A<  1,1  ) 

:G0T01260 

:ELSEG0SUB8500 

I' IF   JJ=1    THEN    JUST    INVERT*    ELSE   CALCULATE    THE    INVERSE 
1260  F0RI=1T0JJ 

:.J(  I  >=0 

:forj=itoj.j 

:J(  I  >=J<  I  )+A(  IiJ  )*KB<  J  ) 

:nextj»i 

:q=o 

:fori=itojj 

:q=q+kb<  i  )*j<  i ) 

inexti 

v   calculation  of  q 

1280  CLS 

:PRINT@448>"DF=    "JJ"  SS(HO>=  HQ"  MS(  HO  )=    "tt/JJ 

t PR INT 

:fP_RINT"TEST  ANOTHER  HYPOTHESIS?  (Y/N>  — >  "  i 

IG0SUB15 

:  I FIN$=" N" THEN1 290ELSE1 110 
1290  CLS 

JPRINT@448»"RUN    ANOTHER   PROBLEM?    ( Y/N  )   — >    "» 

tFL^l 

IG0SUB15 

:iFIN$="Y"THENRUN"GLMl/BAS"ELSEEND 

6010     ROUTINE    TO    CHECK   FOR    ESTIMABILITY    OF    KB=M 
6020    '    TEST    IS 

.'    K'H=K'' 
6030   '  //////////////////////// 
6035  CLS 

:PRINTe458fH CHECKING   FOR    ESTIMABILITY." 
6040  F0RI=1T0JJ 

:forj=iton 
:kh=o 

!F0RK=1TQ# 

JKH=KH+K<KrI  >*H<  K,J  ) 
JNEXTK 

tIFABS(  KHK1E-5THENKH=0 
6050  IF    ABSCKs  J»I  )  »<  ABS(  KH  H1E-3  )ORABS(  K<  J»I  )  >«  ABS<  KH  >-lE-3  >THEN408O 
6060  NEXTJ  9  I 
6070  TX=1 

JRETURN 
6080  CLS 

:PRINT(?448»"THE    FUNCTIONS    IN    THE    K    MATRIX    ARE    NOT    ESTIMABLE.       PLEASE    TRY    AGAT 
N." 

I PRINT" <ENTER>   TO  CONTINUE." 
6070  A$=INKEY$ 

:IFA*=""THEN6090 
6100  TX=-1 

:return 

3510  rem     subroutine  for  matrix  inversion 

3520  '  employs  gauss-jordan  elimination  with  column 

8530  '  shifting  to  maximize  pivot  elements. 

8540  ' 
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'   INPUTS 

A<I>I)  MUST  BE  A  SQUARE,  NONSINGULAR  MATRIX 
N  =  ORDER  OE  MATRIX 

'   OUTPUTS 

A<N»N)  CONTAINS  THE  INVERSE 

DETM   CONTAINS  THE  DETERMINANT 

DTNRM   CONTAINS  MAGNITUDE  OF  DET/EUCLIDI AN  NORM 

!   NOTE 
;   THIS  ROUTINE  TESTS  FOR  A  SINGULAR  MATRIX 

AND  PRINTS  AN  ERROR  OUT  IF  A(NrN)  IS  SINGULAR 

REM     S|C  *^  ^V^  3|C  9|C  3fC  3)C  ^C  Jfi^  3fC9|C  9|C3fC3|C3|C9|C9|C33C  3|C3fC  39C39C  )rC  9|C  j|C3|C9fC2|C  j|C3|C  3|C  3(C  3|C3fC9|C9ffC39C  3fC  j|C  J|C3flC3QC  'tC9^3tC3fC3|C3fC3fC3|C 

NN=N 

:n=j.j 

PD=1.0 

FOR    L=l    TO   N 

|d=o 

FOR   K=l    TO    N 

DB=BD+A(L»K  )*A<  L»K) 

NEXT    K 

DB~SGR«  DEi  ) 

PD=PD*DD 

NEXT    L 

DETH=1  .0 

FOR   L«l    TO    N 

J(  L+20  )=L 

NEXT    L 

FOR   L-l    TO    N 

CC=0,0 

M=L 

FOR   K=L    TO    N 

JF(  (ABSvCC  )-ABS(  A(L,K  )  )  )    >    0.0)    GOTO  8910 

M=K 

£C=A<L»K  ) 

NEXT    K 

IF    L=M    GOTO    9010 

K~J<  M+20  ) 

J<  M+20  )=J<  L+20  > 

J(  L+20  )=K 

FOR   K=l    TO    N 

S-AvKyL  ) 

AC  KfL  >"A<K*M  ) 

A<  K»M  )=S 
-  NEXT    K 
•  A(  L»L)=1.0 
i  BETM=DETM*CC 

ON    FRROR    GOTO   93SO 
]  FOR    H=l    TO    N 

5RINT    A(  LrM  )fL*M,CC 
»  A(  LfM  )=A<L»M  )/CC 
)   NEXT    M 

I    ON    ERROR    GOTO    0 
')  FOR    M=l    TO    N 
)    IF    L=M    GOTO    9140 
p   CC=A(M»L  ) 
)    IF    CC=0.0    GOTO    9140 
P   A<  n»L  )=0  .0 
)  FOR    K=l    TO    N 
)   A-  M»K  )=A(  M»K  )-CC*A<  L»K  ) 
0  NEXT    K 
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9140   NEXT   M 

9150   NEXT    L 

9160   FOR    L=l    TO   N 

9170    IF    J(L+20)    =   L   GOTO      9290 

9180   M=L 

9190   M=M+J 

9200   IF    J<M+20>    =  L    GOTO   9220 

9210   IF    N   >   M    GOTO    9190 

9220  J<  M+20  )=J(  L+20  ) 

9230  FOR    K=l    TO   N 

9240   CC^A(L,K) 

9250  A(  LfK  >=A(M,K) 

9260  A<  M,K  )=CC 

9270  NFIXT    K 

9280  J<  L.+20  )=L 

9290  NEXT   L 

9300  DETM=ABS(  DETM  ) 


J310  frWRH=DETM/PD 


rF^TJETM^.O   GOTO  9370 
9320  N=NN 

IRETURN 

:' RETURN  N    TO    ITS   ORIGINAL   VALUE 
9324   END 

9370    '  ROUTINE   TO  HANDLE   A   SINGULA*   MATRIX 

9380  CLS 

9390  PRINT"    AM   SORRY.      MATRIX   A      IS  SINGULAR." 
9400  PRINT"A   SINGULAR   MATRIX   HAS   NO  UNIQUE    INVERSE." 
9410  PRINT"  IF    YOU   MUST   GET    AN   I NVERSE* OBTAIN  A   PROGRAM" 
9420  PRINT"WHICH    CAN   CALCULATE    THE    PSEUDO- INVERSE   OF   A" 
9430  PRINT"  SINGULAR    MATRIX.       " 
9450  END 
10000   CLS 

:PRINT@448r "MATRICES    Bf    Y»    X    AND   (X'X)-l    WILL   NOW    BE   READ  FROtf  DISK. 

:f*="bu 

JG0SUB135 

:fori=itor 
:b<  i  )=A(  1,1 ) 

: NEXT I 

:n=b<r  ) 
:f$="Y" 

:G0SUB135 

:fgri=itor 
:forj=itoc 

tY(  IrJ  )=A<  I, J) 

:next.j»i 
:m=r 

10010    FORI^lTOcv 

:yn$(  i  )=n$(  I ) 
:  next i 
:f$="xpxi" 

IG0SUB135 

:fgri=iton 
:forj=iton 
jxk  i»j)=a<  i, j  ) 
:nextj»i 
:f$-"X" 

:G0SUB135 

:fm$="true" 

: RETURN 
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1000   M"=35 

:n--=35 

:niM   N$(  N  ),A<  M.N  )? B<  N  )»Y(  tt»  1  )»G(  NrN  >*XPX<  N>W>»H<  H*H>*Ji  N+20WX*<  W  >rTC  N>N>,K<  2 
:20)»M<N)tKB<N) 
(015   MV=-99.99 

:FM$=" FALSE" 
1020   RETURN 
1000   CC=LEN(T$  ) 

:ZZ=INT(30-CC/2) 

IPRINT    TAB<ZZ)JT* 

JRETURN 

I' CENTERING   ROUTINE 
(000   END 
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